University of New Hampshire

University of New Hampshire Scholars' Repository
Master's Theses and Capstones

Student Scholarship

Fall 2007

Can plant competition and diversity reduce the success of exotic
Phragmites australis invading a salt marsh?
Christopher R. Peter
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/thesis

Recommended Citation
Peter, Christopher R., "Can plant competition and diversity reduce the success of exotic Phragmites
australis invading a salt marsh?" (2007). Master's Theses and Capstones. 306.
https://scholars.unh.edu/thesis/306

This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

CAN PLANT COMPETITION AND DIVERSITY REDUCE THE SUCCESS OF EXOTIC
PHRAGMITES AU STRALIS INVADING A SALT MARSH?

BY

CHRISTOPHER R. PETER
B.S., University o f New Hampshire, 2002

THESIS

Submitted to the University o f New Hampshire
in Partial Fulfillment o f
the Requirements for the Degree of

M aster o f Science
in
Natural Resources: W ater Resources

September, 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI Number: 1447898

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

UMI
UMI Microform 1447898
Copyright 2007 by ProQuest Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

This thesis has been examined and approved.

Thesis Director, David M. Burdick, Research
Associate Professor o f Marine Wetland Ecology
and Restoration

:tt E. Crow, Professor o f Plant Biology

—

—

^

~

'■'*

1 '■

T honW D . Lee, Associate Professor o f Forest
Ecology

Barrett N. Rock, Professor o f Natural Resources
and Complex Systems Research Center

\\
Date

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

^

7

DEDICATION

This thesis is dedicated to my family. My grandparents have done it all so well.
My mother and father supported my destination, while never questioning my path. Their
freedom inspired choice. My brother brought me the greatest gift, gifts.

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGEMENTS

I deeply thank my advisor, Dr. David Burdick, for his continual support in my
development as a student and in the research process. The value o f his guidance cannot
be put into words. I also thank my graduate committee, Dr. Garrett Crow, Dr. Thomas
Lee, and Dr. Barrett Rock for their invaluable support in the research process.
Additionally, Dr. Gregg Moore provided me with valuable insight in the later stages o f
my research. I am especially thankful to my field assistants and colleagues, Jessica
Devoid, Alyson Eberhardt, Joanne Glode and Rob Vincent. Lastly, I’d like to thank my
family and friends for their endless encouragement.
Primary funding for this research was provided by the New Hampshire Coastal
Program, Department o f Environmental Services under NOAA grants #NA17FZ2603 and
#NA170Z1529, and byN O A A ’s Restoration Center, grant #NA05OAR4171149.
Additional funding was provided by the New England Chapter o f the Society o f Wetland
Scientists, the New England Estuarine Research Society and the University o f New
Hampshire Graduate School.

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS

DEDICATION............................................................................................................................. iii
ACKNOW LEDGM ENTS.......................................................................................................... iv
LIST OF TABLES......................................................................................................................vii
LIST OF FIG U R ES.................................................................................................................. viii
ABSTRACT................................................................................................................................... x
CHAPTER I: SALT MARSHES AND THEIR INVASION BY PHRAGMITES
A USTRALIS IN EASTERN NORTH AM ERICA .................................................... 1
Salt Marsh Services..............................................................................................................1
History and Expansion o f Phragmites australis............................................................. 2
Mechanisms o f Expansion................................................................................................. 5
Impacts to Ecosystem Services........................................................................................12
Management Challenges...................................................................................................17
CHAPTER II: THE EFFECTS OF ELEVATION AND COMMUNITY STRUCTURE
ON THE SUCCESS AND HEALTH OF PHRAGMITES AU STRALIS............. 19
Introduction........................................................................................................................ 19
Methods.............................................................................................................................. 25
Results.................................................................................................................................44
Discussion.......................................................................................................................... 64
CHAPTER III: THE EFFECTS OF NUTRIENTS AND COMMUNITY STRUCTURE
ON THE SUCCESS AND HEALTH OF PHRAGMITES A U STRALIS............ 76
Introduction........................................................................................................................ 76
Methods...............................................................................................................................80
Results.................................................................................................................................87
Discussion........................................................................................................................ 105
CONCLUSION..........................................................................................................................113

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

REFERENCE

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF TABLES

Table 1. Correlation o f abiotic and biotic variables in the elevation and community
structure experiment................................................................................................ 45
Table 2.

Correlation o f biotic variables in the elevation and community structure
experiment................................................................................................................ 47

Table 3.

Pore water chemistry across elevation................................................................... 48

Table 4.

Elevation, community structure and their interactive effects on
Phragm ites............................................................................................................... 55

Table 5.

Elevation effects on Phragmites planted alone..................................................... 57

Table 6 . Correlation o f abiotic and biotic variables in the nutrients and community
structure experiment................................................................................................ 8 8
Table 7.

Correlation o f biotic variables in the nutrients and community structure
experiment.................................................................................................................89

Table 8 . Pore water chemistry across nutrient levels...........................................................92
Table 9.

Nutrients, community structure and their interactive effects on
Phragmites................................................................................................................96

Table 10. Nutrient effects on Phragmites planted alone....................................................... 97
Table 11. Species composition effects on Phragm ites........................................................I l l

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES

Figure 1. Aerial image o f study site ...................................................................................... 27
Figure 2.

Image o f plot layout for the elevation and community structure
experiment................................................................................................................ 30

Figure 3.

Design o f plot layout for the elevation and community structure
experiment................................................................................................................ 31

Figure 4.

Typical PA alone layout......................................................................................... 32

Figure 5.

Typical (a) PA + 1 sp. and (b) PA + 4 spp. layout..............................................35

Figure 6 . Unplanted Phragmites averaged by elevation, community structure and their
interaction................................................................................................................ 37
Figure 7.

Predicted Phragmites aboveground biomass regressed by observed
Phragmites aboveground biom ass........................................................................ 40

Figure 8 . Salinity averaged by (a) elevation, and (b) elevation and d ate......................... 50
Figure 9.

Redox potential averaged by (a) elevation, and (b) elevation and d ate

Figure 10. Water levels averaged by d a te ......................................................

51
52

Figure 11. Biomass averaged by elevation, community structure and their interaction ...54
Figure 12. Shoot growth averaged by elevation, community structure and their
interaction................................................................................................

58

Figure 13. Density averaged by elevation, community structure and their interaction

59

Figure 14. Mortality averaged by elevation, community structure and their
interaction................................................................................................................ 61
Figure 15. Quantum yield averaged by elevation, community structure and their
interaction................................................................................................................ 62
Figure 16. Aphids averaged by elevation, community structure and their interaction

63

Figure 17. Image o f plot layout for the nutrient and community structure experiment.... 82
Figure 18. Design o f plot layout for the nutrient and community structure experiment...83
Figure 19. Unplanted Phragmites averaged by nutrients, community structure and their
interaction.................................................................................................................85

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 20. Salinity averaged by (a) nutrients, and (b) nutrients and d a te ...........................91
Figure 21. Redox potenial averaged by (a) nutrients, and (b) nutrients and d a te

93

Figure 22. Biomass averaged by nutrients, community structure and their interaction....95
Figure 23. Shoot growth averaged by nutrients, community structure and their
interaction...............................................................................................................1 0 0
Figure 24. Density averaged by nutrients, community structure and their interaction ...101
Figure 25. Mortality averaged by nutrients, community structure and their
interaction...............................................................................................................1 0 2
Figure 26. Quantum yield averaged by nutrients, community structure and their
interaction...............................................................................................................103
Figure 27. Aphids averaged by nutrients, community structure and their interaction ....104

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT
CAN PLANT COMPETITION AND DIVERSITY REDUCE THE SUCCESS OF
EXOTIC PHRAGMITES AUSTRALIS INVADING A SALT MARSH?
by
Christopher R. Peter
University o f New Hampshire, September, 2007

The rapid proliferation o f invasive Phragmites australis in New England has
challenged resource managers to curb its expansion and reduce the loss o f functional salt
marsh. The interactive effects o f sediment elevation, nutrient additions and community
structure (plant competition and diversity) on the success and health o f Phragmites were
examined within a salt marsh in Hampton, NH. Along with four native halophytes,
Phragmites was transplanted to vegetation plots (0.09 m2) comprising three community
structure types {Phragmites alone, PA+lsp., PA+4spp.). Plots were arranged across
elevation and nutrient enrichment gradients. Elevation and fertilization had no effect on
Phragmites success, likely due to irregular tides and potential nutrient saturation,
respectively. In contrast, interspecific competition significantly reduced Phragmites
biomass, growth, density and survival, but not leaf fluorescence. High diversity plots
(PA+4spp.) further reduced Phragmites success compared to PA+lsp. plots, indicating
plant diversity enhanced resource competition, which should be considered in strategies
to manage Phragmites.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER I

SALT MARSHES AND THEIR INVASION BY PHRAGMITES AUSTRALIS IN
EASTERN NORTH AMERICA

Salt Marsh Services and Impacts

The protection and management o f coastal ecosystems has increasingly become
more difficult as human activities continue to disturb natural ecosystem processes and
alter biological communities. Salt marshes in particular have been impacted by human
development because their perceived worth is low compared to developed land in highlyvalued coastal locations. As a result o f development, areal loss o f tidal marshes in the
eastern U.S. has been estimated between 37% to 50% (Tiner 1984; Bromberg and
Bertness 2005). Additionally, human activities have degraded salt marshes (Tiner 1984;
Rozsa 1995) and disrupted functions that provide us with valuable ecosystem services
(Morgan 2000). Ecosystem services, defined as the direct or indirect benefits that society
consumes (Costanza et al. 1997), include water quality enhancement, carbon storage,
nutrient cycling and removal, erosion control, wildlife habitat, biodiversity, stability, and
flood control with regard to salt marshes.
Along the Atlantic seaboard, salt marshes remain threatened by direct impacts
leading to areal loss and indirect impacts leading to marsh degradation. Common types
of marsh losses associated with direct impacts include dredging to enlarge existing

1
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harbors and filling for upland development. Degradation associated with indirect impacts
occurs when one or more functions o f a salt marsh are altered, reduced or lost. Common
types of impacts leading to salt marsh functional loss include tidal restrictions (Burdick et
al. 1997; Roman et al. 2002), eutrophication (Bertness et al. 2002), and the introduction
o f invasive species (Chambers et al. 1999; Keller 2000).
Phragmites australis (Cav.) Trin ex Steud. (commonly referred to as “common
reed” and hereafter Phragmites) has invaded salt marshes and increased its distribution
throughout the Atlantic seaboard over the past half century (Chambers et al. 1999;
Meyerson et al. 2000; Rice et al. 2000). Invasion by Phragmites has led to the decline or
loss of local populations o f native marsh grasses, rushes and sedges, which may result in
monocultures o f Phragmites (Keller 2000; Meyerson et al. 2000). Phragmites is able to
outcompete native plants primarily through canopy shading, with shoots often extending
over three meters in height (Haslam 1972; Meyerson et al. 2000). The reduction o f
biodiversity in salt marshes has led to alterations in ecosystem services, which are critical
to wildlife and human communities (Zedler et al. 2001; Burdick and Konisky 2003).

History and Expansion of Phrasmites australis

The role o f Phragmites in salt marsh and wetland ecosystems has drastically
increased with regards to plant community composition and distribution. Based on
historical evidence (e.g., archeological surveys and peat cores), Phragmites was a minor
component o f the flora in the Northeast prior to the 20th century (Orson et al. 1987;
Chambers et al. 1999). It had been viewed as a native grass bordering wetlands, ponds

2
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and salt marshes (Orson et al. 1987). In the last half century, however, Phragmites has
invaded further into the interior o f salt marshes and wetlands at lower elevations (Orson
et al. 1987; Lynch and Saltonstall 2002), and is currently reported to be widespread along
marshes o f the Atlantic seaboard (Rice et al. 2000; Lathrop et al. 2003; Saltonstall
2003b). Recent evidence illuminating the history o f Phragmites in eastern North
America has identified a link between stands o f this nuisance species (i.e., a species that
causes ecological or economic harm) and their genes. Examination o f chloroplast DNA
revealed there are several haplotypes (i.e., set o f genes on a single chromosome) o f
Phragmites in the United States representing both native and Eurasian populations
(Saltonstall 2002). The haplotype responsible for the rapid expansion and its associated
deleterious effects appears to be an exotic, invasive population o f Eurasian lineage. The
Eurasian haplotype may have been first introduced by ship ballast from tidal waters
fVi

originating from the European coast during the early 19 century (Lindroth 1957;
Saltonstall 2002). Native haplotypes (Phragmites australis subsp. americanus;
Saltonstall et al. 2003) endemic to the Northeast for the past 3000 years were once
common (Niering and Warren 1977). Currently in New England, populations o f native
haplotypes are rarely found and may be threatened, perhaps due to the competitive
dominance o f the more aggressive Eurasian haplotype (Saltonstall 2003b).
Invasion by the exotic variety o f Phragmites into salt marshes can be separated
into three processes: (1) dispersal, (2) establishment and (3) expansion. There are two
leading mechanisms explaining the initial dispersal and establishment o f Phragmites. It
can establish new colonies either sexually followed by seed dispersal and germination or
asexually through rhizome fragmentation, dispersal and burial. Phragmites produces

3
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many viable seeds per inflorescence, which are spread mainly by winds, tidal waters, and
to a lesser extent nesting birds (Haslam 1972; Marks et al. 1994). Seed germination,
however, is very poor in saline and hypoxic soil conditions (Wijte and Gallagher 1996),
and genetic evidence from the Mississippi delta region also suggests seed colonization is
rare (Fournier et al. 1995). Rhizome fragmentation, perhaps more common, disperses
propagules to new marsh habitats through tidal flooding (Bart and Hartman 2000).
Rhizomes are uprooted and fragmented by ice damage, wildlife foraging and human
activities, and then transported to new areas by tidal waters. Rhizome fragments that
become buried are more successful at surviving in new areas o f a marsh due to increased
stabilization and reduced desiccation stress (Bart and Hartman 2000). Burial of
fragments can occur through natural deposition, but may be more common through
human management practices such as ditching, filling and diking (Bart and Hartman
2003).
Survival o f rhizome fragments appears to require less stressful conditions (e.g.,
well-drained soils, low sulfides and low salinity; Wijte and Gallagher 1996) than those
typically found in an undisturbed salt marsh. Phragmites, however, has demonstrated an
atypical flexibility by being able to utilize temporal variability as a means o f stress
avoidance (Minchinton and Bertness 2003). In other words, rhizome fragments and seeds
may be able to survive in unfavorable conditions by delaying bud emergence and
germination until periods o f high freshwater inputs (e.g., springtime or severe storm
events), which can reduce salinity and sulfide stresses (discussed in Burdick et al. 2001).
Additionally, rhizome fragments deposited at areas o f higher elevation (e.g., upland edge,
berms) where tidal flooding is reduced, may survive by avoiding stressful conditions.

4
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Once Phragmites propagules develop into stands o f sufficient size (> 1 0 shoots),
they are better suited to tolerate abiotic and biotic stresses (Haslam 1971; Bart and
Hartman 2002), and can spread rapidly through vegetative reproduction (Rice et al. 2000;
Lathrop et al. 2003). Clonal stands expand by producing new ramets (clonal shoots)
emerging from horizontal rhizomes at the stand’s edge. Ramets are connected and
supported by the stand’s dense network o f rhizomatous reserves. Evidence suggests that
interconnected ramets are better able to tolerate environmental conditions and
interspecific competition than individual shoots (Amsberry et al. 2000). Clonal stands
exhibit increased survival and growth by enhancing soil oxidation (Armstrong and
Armstrong 1990; Bart et al. 2006) and accretion rates (Rooth et al. 2003) through a dense
network o f roots and rhizomes (Haslam 1971). In addition, stands are capable o f forming
a dense canopy reaching over three meters in height (Haslam 1972; Meyerson et al.
2000). As a result o f increased competitive ability and stress tolerance, Phragmites
stands have been observed to expand by over 10 m yr' 1 (Rice et al. 2000).

Mechanisms of Expansion

The widespread distribution o f Phragmites along the Atlantic Seaboard is likely
caused by several concomitant factors including the introduction o f an exotic variety to a
new continent (Blossey and Notzold 1995; Galatowitsch et al. 1999), rapid growth
resulting from genetic differences (Saltonstall 2002, 2003b), and anthropogenic
disturbances (Bertness et al. 2002; Burdick and Konisky 2003). The Eurasian form o f
Phragmites was thought to be introduced to the Northeast in the 1800’s (Lindroth 1957),

5
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but only in the last half century has it been considered a nuisance species (Marks et al.
1994; Chambers et al. 1999). The delay in time from the introduction o f the Eurasian
haplotype to its current widespread distribution and expanding population across coastal
marshes may be in part due to exponential increases, or perhaps the genotypic selection
o f invasive populations. The latter explanation can be described by the “evolution o f
increased competitive ability” hypothesis, which predicts that genotypes will be selected
for that allocate more resources towards growth and reproduction, and fewer resources
towards herbivore defenses when herbivory is reduced or absent (Coley et al. 1984;
Galatowitsch et al. 1999). Blossey and Notzold (1995) found evidence that Lythrum
salicaria (purple loosestrife) tended to be more vigorous and taller in an alien
environment with less herbivory than in their native environment. Although this type o f
evidence has not been well-documented with regards to Phragmites, Haslam (1972) has
noted considerably less trophic interactions exist in North America than in Europe.
Phragmites has been reported to host > 20 species o f herbivores, saprovores and
parasitoids in Europe, where populations are considered native.

Natural Ability

Expansion o f Eurasian Phragmites in tidal marshes may also be in part due to its
aggressive growth resulting from phenotypic expression o f existing genetic differences
(Saltonstall 2002). It exhibits a strong competitive ability coupled with wide
physiological tolerances and mechanisms to avoid abiotic stresses. For instance, the
exotic haplotype o f Phragmites has been observed to tolerate higher pore water salinities

6
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(Vasquez et al. 2005), and exhibit faster growth rates leading to greater above and
belowground biomass than native haplotypes (Saltonstall and Stevenson 2007). First and
foremost, Phragmites has a competitive advantage for obtaining light resources, which
excludes native saltmarsh plants by shading. Phragmites canopy height averages three
meters, while canopy heights o f native halophytes average between 20-80 cm in New
England salt marshes (Haslam 1972; Meyerson et al. 2000; Konisky and Burdick 2004).
Further aiding Phragmites invasion, plants appear tolerant to stresses associated
with tidal flooding. For instance, individual shoots are reported to tolerate soil pore water
salinities up to 15-20 ppt (Lissner and Schierup 1997; Rolletschek and Hartzendorf 2000;
Konisky and Burdick 2004; Vasquez et al. 2005) and soil pore water hydrogen sulfide
(hereafter sulfides) up to 0.3-0.4 mM (Chambers et al. 1999; Seliskar et al. 2004).
Phragmites tolerances, however, were determined with individual juvenile shoots as
opposed to clonal stands, which are more common in the field. Clonal stands have been
observed to survive and expand in areas where these tolerances were exceeded
(Amsberry et al. 2000; Burdick et al. 2001; Bart and Hartman 2002; Seliskar et al. 2004).
Perhaps more important to Phragmites expansion is its ability to avoid stresses
associated with tidal flooding by significantly altering physical processes and edaphic
conditions within a salt marsh. Phragmites, similar to other marsh plants, is able to
oxygenate its rhizosphere (Haslam 1972; Armstrong and Armstrong 1988). In order for
plants to transport oxygen to the rooting zone, shoots allow oxygen diffusion from leaves
through the culm and into the roots using gas spaces. What makes Phragmites more
effective than other marsh plants at oxidizing the soils is its extensive network o f deep
penetrating roots and large rhizomes (> 2 m; Haslam, 1972). Soil aeration is further

7
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enhanced as shoot and rhizome density increase (Armstrong and Armstrong 1990).
Oxidized soils allow Phragmites to avoid the deleterious effects associated with
anaerobic respiration (Mendelssohn et al. 1981; Burdick et al. 1989) and toxic sulfides
(Chambers et al. 1998; Chambers et al. 2002; Bart and Hartman 2002; Seliskar et al.
2004). Sulfides, once exposed to oxygen, transform to elemental sulfur or sulfate, and
become less toxic (Mitsch and Gosselink 2000).
Phragmites stands have been shown to significantly reduce tidal flooding by
stabilizing surface sediments, accumulating high amounts o f organic matter and
producing extensive roots and rhizomes, which all lead to an increase in soil surface
elevation (Leonard and Luther 1995; Windham and Lathrop 1999; Warren et al. 2001;
Rooth et al. 2003; Minchinton et al. 2006). In addition, Coops et al. (1996) demonstrated
that Phragmites was more effective at stabilizing sediments than other marsh plants in an
experimental wave tank.
Lastly, Phragmites is able to take advantage o f natural wrack cycles in tidal
marshes to aid stand expansion. Wrack deposits (dead plants and debris), driven ashore
by winds during extreme high tides, can periodically build up on the seaward border o f
Phragmites stands where it is competing with native plants. Unlike shorter native
saltmarsh grasses, Phragmites stands are tall enough to resist coverage by wrack deposits.
Wrack weakens or kills existing native plants that lie adjacent to Phragmites stands
through reduced light and oxygen levels, creating a temporal and spatial refuge for
Phragmites from native competitors. Phragmites is then able to capture these adjacent
barren areas through rhizome expansion (Minchinton 2002a). Overall, Phragmites
appears to possess a wide range o f mechanisms for altering salt marsh conditions,

8
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actively reducing abiotic stresses and passively reducing biotic stresses to enable rapid
expansion.

Anthropogenic Effects

Local to global scale human activities, which have also steadily increased in
coastal regions in the past century, may have facilitated the expansion o f Phragmites
(Roman 1984; McNabb and Batterson 1991; Chambers et al. 1999; Galatowitsch et al.
1999; Rice et al. 2000; Bertness et al. 2002; Burdick and Konsiky 2003). Anthropogenic
disturbances that appear to enhance the spread o f Phragmites include direct effects of
development and salt marsh management, (e.g., filling, dredging and ditching) and
indirect effects o f residential development and urbanization (e.g., tidal restrictions,
eutrophication and climate change).
Historically, marsh filling was a common practice that eliminated marshes to
make land more suitable for human occupation. For example, over 2000 ha o f salt marsh
and mudflat were filled in the Boston area between the late 1800s and early 1900s
(Bromgberg and Bertness 2005). Typically, sediment was removed from harbors and
subsequently placed on adjacent marshes. Marsh fill increases the elevation o f the soil
surface, and as a result reduces tidal flooding, creating a more suitable habitat for
Phragmites (Bart and Hartman 2002). In contrast, marsh dredging creates a sub-tidal
habitat to enlarge harbors that also destroys marsh area through the extensive removal of
sediment.

9
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A less destructive, but more common management practice than filling and
dredging, is salt marsh ditching. Ditching was widespread in the 1930s to 1940s,
affecting 95% o f the salt marshes in the Northeast (Rozsa 1995; Bromgberg and Bertness
2005). Ditches were dug to drain water from the surface o f the marsh, particularly from
pannes (small pond or pool in a salt marsh), in order to reduce mosquito-breeding habitat
(Bourn and Cottam 1950; Rozsa 1995). The excavated sediment resulting from ditching
was typically placed directly on the ditch bank (spoil bank), which could also alter or
reduce tidal flooding to the marsh surface. Although ditches expose the marsh to
increased salinity from greater tidal flooding, much o f the tidal exchange is restricted to
the ditch itself. Additionally, ditch banks typically have higher soil oxygen and lower
soil sulfides from increased drainage, making them a more suitable habitat for
Phragmites colonization (Bart and Hartman 2002). Increased drainage resulting from
ditching is likely not limited to the spoil bank; thus leading to lower salinity and more
aerobic soil conditions on the marsh surface as a whole (Niering and Warren 1980).
Besides altering edaphic conditions, ditching and other marsh management
practices that employ the use o f heavy machinery directly impact native plant
communities. A disturbance to native vegetation creates a bare spot, which provides
Phragmites spatial and temporal conditions that may allow seeds and rhizome fragments
to establish (Wang et al. 2006a). Native plants may play an important role in inhibiting
invaders by competing for space, light and nutrients (Emery et al. 2001).
Tidal restrictions resulting from man-made barriers impact approximately 10-20%
o f salt marshes in New England (Roman et al. 1984; USDA 1994), and often result in the
displacement o f native vegetation by brackish invasive species (Burdick et al. 1997;

10
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Burdick et al. 1999). A tidal restriction may occur from roadways or other structures
bisecting salt marshes. As a result, the tide is unable to flood the restricted area, altering
the natural flooding regime and reducing pore water salinity. Higher levels o f salinity
have been shown to be a clear stressor on the overall health o f Phragmites (Hellings and
Gallagher 1992; Antonia and Gallagher 1996; Lissner and Schierup 1997; Burdick et al.
2001; Vasquez et al. 2005). Moreover, reduced soil conditions also associated with tidal
flooding may have a more significant negative effect on the survival and growth o f
Phragmites than salinity alone (Chambers et al. 1998; Chambers et al. 2002; Bart and
Hartman 2002; Burdick and Konisky 2003; Moore 2003).
Eutrophication, defined as an enrichment o f key nutrients (e.g., nitrogen and
phosphorus), may also contribute to Phragmites expansion (Lampert and Sommer 1997).
Anthropogenic eutrophication is becoming more evident in tidal marshes o f the Northeast
U.S. (Valiela et al. 1992; Howarth et al. 1996; McClelland and Valiela 1997; McClelland
and Valiela 1998). Sources o f anthropogenic eutrophication include fossil fuel
combustion, artificial and organic fertilizers, and urban and rural wastewater that can
enter a salt marsh through atmospheric deposition, surface runoff or groundwater flows
(Howarth et al. 1996; Vitousek et al. 1997). Human nutrient sources such as these result
in high additions o f nitrogen, which is considered a limiting resource in salt marshes
(Valiela and Teal 1974; Kiehl et al. 1997).
Nutrient enrichment may be a critical mechanism allowing Phragmites to
outcompete native marsh plants. Fertilization increases Phragmites survival and growth,
which may enhance its competitive ability over native marsh plants (Minchinton and
Bertness 2003; Rickey and Anderson 2004; Saltonstall and Stevenson 2007). More
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specifically, nutrient loading may benefit Phragmites proportionally greater than native
marsh plants because it has a greater aboveground to belowground ratio (Haslam 1972)
and a higher nutrient demand (Windham and Meyerson 2003). When nutrients are not
limiting, belowground competition for nutrients becomes less important and potentially
gives way to aboveground competition for light (Levine et al. 1998; Emery et al. 2001),
allowing the significantly taller Phragmites to shade out native plants (Haslam 1972;
Meyerson et al. 2000; Konisky and Burdick 2004).
Elevated atmospheric CO 2 levels (Levitus et al. 2001) and associated climate
change may also be contributing to Phragmites expansion in North America. Increased
CO 2 concentration favors C 3 plants such as Phragmites over C 4 plants such as native
marsh grasses {Spartina spp.; discussed in Burdick and Konisky 2003). Research in New
England linked Phragmites expansion with global warming due to increased temperatures
and rainfall (Minchinton 2002b). Warmer temperatures allow for longer and more
productive growing seasons, which lead to an increase in Phragmites gas exchange to the
roots (Armstrong and Armstrong 1990) and further shading o f native vegetation
(Meyerson et al. 2000). Increased rainfall from El Nino events may encourage
Phragmites expansion by directly reducing pore water salinity (Minchinton 2002b).

Impacts to Ecosystem Services

The invasion of Phragmites into New England salt marshes has adversely affected
biodiversity along with other ecosystem services beneficial to human and wildlife
populations. The most obvious impact is a shift in plant community composition and
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structure. Acres o f salt marsh, once dominated by short native grasses, rushes and sedges
have given way to stands o f tall reeds often extending over three meters in height
(Haslam 1972; Chambers et al. 1999; Meyerson et al. 2000; Saltonstall 2002). Such
invasions often result in monocultures o f Phragmites (Keller 2000; Meyerson et al. 2000;
Minchinton et al. 2006), which differ greatly in structure and function than the mosaic
pattern o f native vegetation o f undisturbed marshes containing greater biodiversity
(Zedler et al. 2001; Burdick and Konisky 2003; Lathrop et al. 2003).
Biodiversity, an important attribute o f most ecosystems, can be defined as the
variety o f life at all levels from genetic to landscape differences. The most widely
accepted measurement o f biodiversity is the number o f species (richness) present in an
ecosystem. A more thorough measurement o f biodiversity should include species
richness, species evenness, species composition, and biocomplexity (Symstad et al.
2003). Biocomplexity, perhaps the most important measure o f biodiversity, is derived
from multiple behavioral, biological, chemical and physical interactions within a
community (Symstad et al. 2003). Such interactions often result in greater levels of
ecosystem services, such as productivity (Tilman et al. 1997; Tilman et al. 2001).
Biocomplexity, however, is rarely measured when characterizing a community’s
biodiversity because it is very difficult to quantify. Species richness, evenness and
composition are more common indices o f biodiversity.
The impact o f biodiversity on ecosystem functions is relatively unclear (Grime
1997), however, it is often considered an important attribute o f salt marshes and other
ecosystems because o f its association with many o f the values that directly or indirectly
benefit us. A commonly valued ecosystem service is productivity, which has been linked
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with species diversity. For instance, Tilman et al. (1997) found greater primary
productivity in vegetation plots planted with greater species richness using a pool of
random species. In addition, Naeem et al. (2000) and Kennedy et al. (2002) both found
reductions in ecosystem invasibility (susceptibility o f an ecosystem to invasions by
species originating from a different region) when species richness was increased in
experimental vegetation plots. Both research teams suggested field plots with higher
diversity resisted invaders through more efficient resource use. In a southern California
wetland, Zedler et al. (2001) found net primary productivity, canopy complexes and
nitrogen cycling were all enhanced when species richness was increased. Other studies
have also shown positive relationships between biodiversity and the number and
magnitude of ecosystem services in similar ecosystems (Tilman et al. 2002; Byers and
Noonburg 2003; Callaway et al. 2003).
Hutchinson (1959) was one o f the first to acknowledge that highly diverse plant
communities in a particular environment may be more efficient at utilizing resources than
communities low in diversity. More specifically, he gathered evidence that suggested
diversity can be the result o f community-wide character displacement. Character
displacement occurs when similar species overlap in range, and as a result o f competition
one or more characters are altered (Brown and W ilson 1956), thereby limiting genotypic
or phenotypic similarities in resource use (Abrams 1983). A community-wide character
displacement suggests species may continue to diverge at all levels o f the community
until all habitats or niches (set o f environmental conditions in which a species can exist)
in an ecosystem are inhabited. Over time, community-wide character displacement can
lead to greater genetic and/or species diversity with fewer available resources or

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

unoccupied niches. But why would several species be more efficient at utilizing
resources over multiple niches than would a single species? Competing species often
align themselves with a particular habitat or niche (due to competitive pressures), in
which they are most efficient at utilizing resources (Van Valen 1965). Within a niche,
species less efficient at resource utilization will likely be replaced by another species with
greater resource efficiency (Tilman 1982; Tilman 1988). Therefore, each species is likely
to be competitively superior within their niche. In an ecosystem where multiple niches
often arise from physical and chemical gradients, several specialist species are thought to
be more efficient at utilizing resources in an ecosystem than a single generalist species
(Elton 1958; Hutchinson 1959; Tilman 1982; Abrams 1983).
Other salt marsh ecosystem services impacted by the invasion o f Phragmites
include alterations to nutrient cycling (Findlay et al. 2003; Windham and Meyerson
2003), carbon storage (Windham and Lathrop 1999; Bart and Hartman 2000; Findlay et
al. 2002), and wildlife use (Roman 1978; Able et al. 2003). Recent studies have
identified the impacts o f Phragmites expansion into salt marshes on bird abundance,
nekton diversity, and benthic invertebrate abundance. Bird abundance and diversity were
found to be significantly lower in Phragmites stands when compared to stands o f native
perennials such as Spartina alterniflora (smooth cordgrass) and Typha angustifolia.
(narrowleaf cattail; Benoit and Askins 1999). Phragmites invasion can greatly increase
canopy heights, which hinder wading birds from foraging on the marsh surface.
Moreover, stands o f Phragmites are often monotypic and exhibit very little variation in
terms o f canopy structure and food sources.
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Nekton (free-swimming organisms living in the water column), particularly fish,
uses the surface o f the marsh as a foraging ground, spawning area, and refuge from
predators (Weisberg and Lotrich 1982; Raichel et al. 2003). During flood tides, nekton
interacts with low marsh vegetation, which is typically a dense stand o f Spartina
alterniflora. At many sites invaded by Phragmites, S. alterniflora has been displaced
from the low marsh (Marks et al. 1994; Windham an Lathrop 1999; Bart and Hartman
2000), but impacts to higher trophic level communities remain unclear. Some studies
have observed similar fish densities in the low marsh between native marsh plants and
Phragmites (Weis and Weis 2000; Meyer et al. 2001; Fell et al. 2003), whereas other
studies have found significantly less fish, particularly mummichogs (Fundulus
heteroclitus), in Phragmites dominated low marshes (Roman 1978; Warren et al. 2001;
Able et al. 2003; Raichel et al. 2003). The majority o f studies may not agree on the effect
o f Phragmites on fish diversity and densities, but each has noted substantial differences
in litter accumulation, hydrodynamics and structural shoot complexity. Marsh areas
dominated by Phragmites can significantly increase accretion rates, which prevent
regular tidal flooding on the marsh surface (Windham and Lathrop 1999) and eliminate
many areas o f standing water used by larval fish as habitat (Able et al. 2003).
Additionally, Phragmites can restrict fish from using the marsh surface by overgrowing
and blocking off small creeks.
In the Chesapeake Bay region, benthic macroinvertebrate density was found to be
lower in Phragmites stands than in Spartina alterniflora stands (Angradi et al. 2001;
Posey et al. 2003). For instance, Raichel et al. (2003) found a lower invertebrate density
coupled with differences in species composition in Phragmites stands when compared to
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S. alterniflora stands. Phragmites may not support the same level o f biocomplexity with
benthic macroinvertebrates and other faunal organisms due to increases in sediment
capture rates and litter accumulation (Leonard and Luther 1995; Coops et al. 1996),
restricted marsh accessibility for avian predators, and most importantly reductions in tidal
flooding o f the marsh surface (Rooth et al. 2003; Minchinton et al. 2006). The invasion
of Phragmites likely contributes to lower bird, nekton, and benthic invertebrate
abundances and diversity through alterations to environmental conditions and processes.

Management Challenges

As a result o f Phragmites invasion into New England salt marshes, floral and
faunal diversity as well as other functions have been significantly altered or reduced,
prompting resource managers to attempt to control nuisance populations. Management
practices designed to reduce Phragmites populations have traditionally focused on
species-specific approaches, which attempt to directly reduce Phragmites abundance.
Species-specific approaches include mowing, burning, trampling and herbicide
application, but these practices have not consistently or effectively controlled Phragmites
populations (Marks et al. 1984; Tiner 1997; Warren et al. 2001; Gusewell 2003). More
recently, management practices have attempted to indirectly reduce Phragmites stands by
restoring environmental conditions and processes that promote native grasses and inhibit
Phragmites (Rozsa 1995; Burdick et al. 1999). Restoration o f environmental processes
includes alleviating tidal restrictions and reducing marsh elevations through sediment
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removal. Even so, desired outcomes following these practices are not always predictable
(Burdick et al. 1999).
Managers contemplating marsh restoration should consider approaches that
combine multiple physical, chemical and biological stresses on Phragmites to reduce its
invasion and expansion. Researchers conducting field experiments where Phragmites is
exposed to multiple environmental stresses have shown that interspecific competition
exhibits the largest negative effect on Phragmites growth (Amsberry et al. 2000;
Minchinton and Bertness 2003; Wang et al. 2006a). The negative effects o f interspecific
competition on Phragmites may be further enhanced through tidal restoration (Burdick
and Konisky 2003), nutrient load reduction (Minchinton and Bertness 2003), and perhaps
by increasing native plant cover and diversity. The goal o f my study is to identify the
interactive effects o f environmental conditions (e.g., stresses associated with tidal
flooding and nutrient levels), and interspecific competition and biodiversity on the
success and health o f Phragmites as it re-invades a tidal marsh. Chapter II examines the
interactive effects o f elevation (and associated tidal flooding stresses) and community
structure (i.e., interspecific competition, species richness, and species evenness) on
Phragmites. Chapter III examines the interactive effects o f nutrient additions and
community structure on Phragmites.
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CHAPTER II

THE EFFECTS OF ELEVATION AND COMMUNITY STRUCTURE ON THE
SUCCESS AND HEALTH OF PHRAGMITES AUSTRALIS

Introduction

The recent and rapid expansion o f Phragmites australis in North America has
begun to transform the structure and function o f salt marshes. Historically, P. australis
was described as a minor component o f New England salt marshes, limited to the upper
edge o f the high marsh, presumably by greater tidal flooding at lower elevations (Orson
et al. 1987; Chambers et al. 1999). Over the last century, P. australis has expanded its
range into the interior o f salt marshes coupled with a greater geographical distribution
(Saltonstall 2003b). The cause o f P. australis’ rapid expansion remains unclear, but may
best be explained by several concomitant factors including the introduction o f an
Eurasian strain o f P. australis (Saltonstall 2002) and human coastal disturbances
(McNabb and Batterson 1991; Bertness et al. 2002; Burdick and Konisky 2003).
In response to the invasion o f exotic populations o f P. australis (hereafter
Phragmites), experimental studies have examined the role o f abiotic stresses associated
with tidal flooding on Phragmites growth and survival. The majority o f research found
that individual Phragmites plants experienced significant decreases in growth at salinities
o f 15-20 ppt (Hellings and Gallagher 1992; Lissner and Schierup 1997; Rolletschek and
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Hartzendorf 2000; Konisky and Burdick 2004; Vasquez et al. 2005). Other studies
documented the effects o f waterlogging and sulfide toxicity on Phragmites. For instance,
Hellings and Gallagher (1992) found that individual Phragmites shoots decreased
aboveground biomass when exposed to prolonged flooding. Chambers et al. (1999)
found that sulfide concentrations > 0 .3 mM negatively affect growth o f individual
Phragmites shoots by inhibiting nitrogen uptake. Additionally, Seliskar et al. (2004)
found similar results, demonstrating individual Phragmites shoots began decreasing
biomass at sulfide concentrations o f 0.4 mM, and eventually experienced mortalities
when exposed to > 1.0 mM sulfide concentrations. Salinity, anoxia and sulfides all
appear to negatively affected Phragmites at relatively moderate levels when compared to
edaphic conditions existing at undisturbed salt marshes. Phragmites tolerance studies,
however, were determined using individual young shoots in a controlled setting. Healthy
stands o f Phragmites are commonly reported to grow, flower and expand in salt marshes
where these experimentally determined tolerances are exceeded (Amsberry et al. 2000;
Burdick et al. 2001; Bart and Hartman 2002; Seliskar et al. 2004).
Traditionally, the zonation o f saltmarsh flora has been thought to be limited by
non-resource stresses such as salinity and anoxia (Vince and Snow 1984). As a result, a
common approach to Phragmites management is based on re-establishing tidal flooding
to enhance abiotic stresses at tidally-restricted marshes invaded by Phragmites (Marks et
al. 1994; Rozsa 1995; Tiner 1997). Phragmites is often reduced in structure, but may not
always die back with greater tides (Burdick et al. 1999). Salt marsh plant communities
may not solely be controlled by abiotic stresses, but also by interactions between plant
species (Bertness and Ellison 1987; Bertness 1991a; Bertness 1991b). Competition,
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defined as a negative effect one species has upon another by limiting access to or by
consuming a particular resource thereby limiting its availability (Keddy 1989), can alone
significantly alter salt marsh plant communities. Bertness and Ellison (1987)
transplanted Spartina alterniflora (smooth cordgrass) plants from the low marsh (i.e.,
below the mean high tide) to the high marsh, both with and without neighboring plants.
S. alterniflora shoots grew well in the high marsh without neighboring plants present, but
were quickly outcompeted by high marsh perennials such as Spartina patens (salt hay
grass) and Juncus gerardii (black grass). Subsequent research has confirmed the
significance o f plant competition on salt marsh plant communities (Emery et al. 2001;
Ewanchuk and Bertness 2004) and Phragmites expansion (Amsberry et al. 2000;
Minchinton and Bertness 2003).
Plant competition may be positively associated with biodiversity, but this
relationship is not well understood in salt marshes, and is currently debated in other
ecosystems (Grime 1997; Schwartz et al. 2000). Theoretical evidence indicates a positive
link between an ecosystem’s functional ability (e.g. productivity and stability) and
biodiversity (Elton 1958; Brown and Wilson 1956; Hutchinson 1959; Abrams 1983).
More recently, experimental evidence has supported the importance o f biodiversity to
ecosystem function (Tilman et al. 1997; Zedler et al. 2001).
Greater diversity likely leads to greater productivity as discussed in Chapter I, and
therefore should also lead to a lower invasion rate through an enhanced competitive
environment. A community reaching species saturation (i.e., the number o f species
present in a community that allow their niches to be as close together as possible without
competitive exclusion) will respond to interspecific competition by having individual
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species niches with minimal overlap, so that over time a community develops with little
available resources or unoccupied niches (Hutchinson 1959). In order for a species to
successfully invade a saturated community, it has to displace one or more species
currently occupying its preferred niche dimensions. In contrast, an ecosystem with low
diversity likely exhibits a high invasibility potential due to the greater available niche
dimensions not yet inhabited (Elton 1958; Tilman 1982). Evidence for a lower invasion
potential has been observed in grassland field plots when species richness was increased
(Naeem et al. 2000; Kennedy et al. 2002).
The exotic form o f Phragmites has been able to invade salt marsh areas
apparently unsuitable for the native Phragmites haplotype and other brackish species.
Exotic Phragmites expansion is, in large part, due to the amelioration o f stresses
associated with tidal flooding by undersized hydrologic control structures and due to the
reduction o f interspecific competition following human disturbances o f the soil and
vegetation (see Chapter I). However, salt marsh invasion by Phragmites may also be, in
part, from genetic differences resulting from isolation and the subsequent introduction o f
an alien population into a new continent. The exotic haplotype appears to exhibit a more
aggressive life history strategy in North America (Saltonstall and Stevenson 2007).
Grime’s (1977) plant life history strategies suggest that a species can be placed into a
single or any combination o f the following categories: ( 1 ) competitor for limiting
resources, (2) stress tolerant or (3) ruderal. In his model certain “trade offs” exist,
preventing one species from excelling in all categories. Exotic Phragmites, however,
exhibits unusually strong characteristics o f each category. First, Phragmites is a
dominant competitor for space and light resources. Its shoots are over five times taller
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than average native marsh perennials (Haslam 1972; Meyerson et al. 2000; Burdick and
Konisky 2003), and its aboveground biomass is over 10 times greater (Windham and
Lathrop 1999; Windham and Meyerson 2003). Second, Phragmites is able to tolerate
and perhaps more importantly, avoid stressful salt marsh conditions through enhanced
gas diffusion and soil accretion (discussed in Chapter I). Finally, it possesses ruderal
characteristics such as high seed production and quickly spreading vegetative rhizomes
(Haslam 1972; Wijte and Gallagher 1996). However, Phragmites does not appear to be a
superior competitor for belowground resources (e.g., nutrients) because primary
productivity is mainly allocated towards aboveground biomass (Haslam 1972) and
nutrient demand is high (Windham and Meyerson 2003). Therefore, Phragmites may be
less capable o f tolerating abiotic stresses and competing for light when under heavy
competition for nutrients. Studies have demonstrated rapid growth o f Phragmites when
nutrient levels were increased and/or plant competition was decreased (Minchinton and
Bertness 2003; Silliman and Bertness 2004). Phragmites expansion and dominance may
be most obvious in areas with restricted tidal flows and elevated nutrient levels because
these anthropogenic alterations favor Phragmites in competition with native saltmarsh
plants.

Goals and Objectives

The rapid proliferation o f Phragmites in New England tidal marshes has resource
managers searching for ways to reduce the loss o f functional marsh. Typically,
management practices have focused on burning, mowing, applying herbicides, removing

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

tidal restrictions and excavating fill, but these approaches have not consistently yielded
long-term results that enhance ecosystem services (Marks et al. 1994; Tiner 1997).
Additional research is needed to: (1) identify the effects o f chemical, physical and
biological stresses and more importantly, their interaction on invasive Phragmites; and
(2) develop new control strategies based on this information. Single stressors negatively
affecting Phragmites range from abiotic stresses (salinity, sulfides and anoxia) to biotic
stresses (resource competition). The application o f single stresses, however, has failed to
consistently reduce Phragmites expansion and dominance in the field (Burdick et al.
1999; Burdick et al. 2001; Tiner 1997). Because the invasive grass is exposed to multiple
environmental factors in a tidal marsh, it is more likely controlled by the combination o f
multiple abiotic and biotic stresses. Multiple stresses may be more effective at reducing
Phragmites populations through additive or synergistic effects (Chambers et al. 2003;
Vinebrooke et al. 2004). In contrast, the absence or dampening o f certain stresses may
allow Phragmites to better tolerate marsh conditions. Management o f Phragmites
populations in New England tidal marshes may be more effective when incorporating a
multiple stress approach through ecosystem management.
The goal o f my study was to investigate the interactive effects o f multiple stresses
on Phragmites success and health. More specifically, the interactive effects o f physical
and chemical stresses associated with tidal flooding coupled with the effects of
community structure (e.g., interspecific competition, species richness and species
evenness) on the survival and growth o f individual Phragmites shoots within a tidal
marsh ecosystem were investigated. Phragmites shoots were transplanted to field plots
o f different elevations aimed at exposing them to differences in tidal flooding stresses
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(e.g., salinity, redox, and sulfides). Within the plots at each elevation, community
structure types were controlled by transplanting native species. Phragmites
morphological and physiological features were analyzed to estimate the effects o f
elevation, community structure and their interaction over one growing season. My
hypotheses were: ( 1 ) decreases in elevation leading to increased soil inundation by tidal
flooding and associated stresses will decrease the success and health o f Phragmites, (2)
plots with interspecific competition will decrease Phragmites relative to plots without
competitors, (3) plots with high native plant diversity (e.g., species richness and
evenness) will decrease Phragmites relative to those planted with only one competitor,
due to greater resource competition, and (4) stresses associated with elevation (salinity,
anoxia, and sulfides) may interact with interspecific competition or native plant diversity
to further reduce the success o f Phragmites.

Methods

Study Site

The experiment was conducted at Meadow Pond Marsh (42.936 °N, 70.801 °W), a
back barrier marsh located in Hampton, Rockingham County, NH. Meadow Pond is a
relatively small water body (~23.6 ha), tidally restricted at the southern inlet. Bordering
the pond is a brackish tidal marsh, which is the northern section o f the largest marsh
complex in New Hampshire, the Hampton-Seabrook Marsh.
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Meadow Pond Marsh has historically been impacted by human activities,
particularly tidal restrictions, marsh fill, and adjacent upland development. Residential
developments and roads border the west, north and east areas (Figure 1). Residential
development also altered the natural inlet to the site, and as a result, tidal exchange had
been designated as severely restricted by the Natural Resource Conservation Service
(USDA, 1994). Partial tidal restoration was achieved in 1996 after a new bridge and
culvert were constructed at the southern inlet allowing for greater tidal flow. The size o f
the new culvert, however, was limited by previous residential developments adjacent to
the creek inlet. Directly adjacent to the southern inlet, Phragmites experienced severe
dieback, and the marsh reverted to native halophytic grasses. The northern section o f the
marsh, however, rarely floods (i.e., daily neap tides have little influence on water levels)
and is dominated by invasive Phragmites with stands o f Typha angustifolia (narrowleaf
cattail) and halophytic grasses such as Spartina patens.
A second tier restoration plan was designed and implemented at the northern
section of Meadow Pond Marsh (10 ha) in March 2003, and concluded in May 2005. The
restoration plan involved three intensive management practices applied over separate
areas, which were aimed at reducing invasive Phragmites populations. Treatments
initially began with the knockdown o f Phragmites stands and included: (1) creek
construction, (2) sediment and rhizome removal, and (3) open marsh water management.
Treatments were designed to enhance tidal flooding and increase abiotic stress to each
section of the marsh, thereby reducing the success and spread o f Phragmites.
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Figure 1 - Aerial image o f Meadow Pond Marsh in Hampton, NH (42.936 °N, 70.801 °W)
outlining the location of the vegetation plots.
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Experimental Design

Planting Location. Planted vegetation plots were used to investigate the effects o f
sediment elevation, competition and diversity on the success and health o f Phragmites.
Vegetation plots were located in the sediment removal section o f the second tier
restoration effort. The top layer o f sediment ranging from 10 to 40 cm was scraped off to
remove existing Phragmites rhizomes and to increase tidal flooding. Plots were set up on
areas o f high, mid and low elevations within the sediment removal area. As a result o f
scraping, the majority o f the marsh “peat” was removed, leaving coarse sediment (from
over-wash deposits) and Phragmites rhizomes. The remaining rhizomes were comprised
mostly o f dead fragments left over from excavation, however some rhizomes were
apparently alive, particularly at higher elevations.
Elevation and Community Structure Experiment. The effects o f elevation and
community structure on Phragmites were examined in a two factor randomized complete
block design, which was treated as a split plot. Vegetation plots were planted across
three distinct elevations that varied in three distinct community structure types
(measurement o f interspecific competition, species richness and species evenness).
Elevations (main plot) included high marsh (36 cm above base o f the main creek), mid
marsh (30 cm) and low marsh (20 cm). Community structure types (subplot) included:
(1) Phragmites planted without interspecific competition (PA alone); (2) Phragmites
planted with one species (PA + 1 sp.); and (3) Phragmites planted with four species (PA
+ 4 spp.). Vegetation plots were 30 cm x 30 cm (0.09 m ). Three vegetation plots o f
each community structure type were randomly assigned at each elevation, creating three
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replicates o f each treatment combination and yielding 27 plots (Figure 2). Plots within
the same replicate and elevation were 60 cm apart. Distances between replicates and
elevations are shown in Figure 3.
Planting Design. Each vegetation plot, regardless o f community structure level
was planted with four Phragmites shoots. Phragmites shoots were cut individually from
large clonal stands on site, removed, grown, and returned to the site. Rhizome-cut shoots
were selected if they were 10-25 cm in shoot height and contained at least two nodes o f
attached rhizomes. The PA alone plot contained four Phragmites shoots, while the PA +
1 sp. and PA + 4 spp. plots contained four Phragmites shoots and 21 native vegetation
plugs. The placement o f Phragmites shoots ensured that no Phragmites shoot was
planted directly adjacent to one another nor on the plot border (Figure 4). The PA + 1 sp.
and PA + 4 spp. plots both contained 25 total plant units (native species and Phragmites).
All units were planted systematically across the plot 7.5 cm apart to optimize and
standardize shoot resource competition within and between species (Huddleston and
Young 2004).
The PA + 1 sp. plots contained 21 native plugs o f the same species along with
four Phragmites shoots. The single native species planted in the PA + 1 sp. plots was
dependent on elevation to represent the natural dominant species found in New England
marshes in a particular marsh zone. High elevations were planted with Spartina patens,
and mid and low elevations were planted with Spartina alterniflora.
The PA + 4 spp. plots were planted with four common New England saltmarsh
perennials, including: Distichlis spicata (spike grass), Juncus gerardii, Spartina
alterniflora and Spartina patens. The placement o f each species within each plot was
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Elevation and Community Structure Experiment
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Figure 2 - Photo of vegetation plot placements across an elevation gradient (high, mid, low marsh) for the elevation and community structure
experiment. Community structure treatment levels (PA + 4 spp., PA + 1 sp., PA alone), a measure of interspecific competition and diversity,
were placed within each marsh elevation. Photo was taken on 6/20/05 at Meadow Pond Marsh Hampton, NH.
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Figure 4 - Diagram (top) and photo (bottom) of a PA alone vegetation plot planted with four
Phragmites rhizome-cut shoots evenly spaced. PA is Phragmites australis. Photo was taken
on 6/20/05 at Meadow Pond Marsh Hampton, NH four weeks after the initial planting.
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randomly selected. For the PA + 4 spp. plots, there were 21 total native plugs planted
using four species. Each plot contained three species with five plugs, and one randomly
selected species with six plugs. Species evenness (i.e., relative abundance) for the PA +
4 spp. plots approached unity, Pielou’s J = 0.998. J = H H Ln (S), where Hi is the
Shannon Wiener diversity index and S is the species richness.

Vegetation

Plant Sources. Native plants were purchased from nurseries as 5 cm diameter
plugs with multiple shoots per plug. Distichlis spicata, Spartina alterniflora and
Spartina patens were purchased and shipped from Environmental Concern Inc., St.
Michaels, Maryland, USA, whereas Juncus gerardii was purchased and shipped from
Pinelands Nursery & Supply Company, Columbus, NJ, USA. All native plants were
received in mid-May, and placed on a stand outside o f the Jackson Estuarine Laboratory
(JEL), NH, USA. Shipped native plants had previously been acclimated to salinities o f
15-20 ppt by their respective nurseries. Each species had little variability in shoot height,
averaging 15-25 cm. S. alterniflora tended to be the tallest, while D. spicata tended to be
the shortest. Shipped native plants experienced a low mortality (< 5 % per species) with
the exception o f S. patens (22 % mortality). The high mortality rate o f S. patens did not
affect the planting design, as extra plugs were available.
Phragmites shoots were taken from the site, grown in a greenhouse and returned
to the site to reduce transplantation stress and provide similar handling as the four native
species used in the vegetation plots. Invasive Phragmites plants were harvested on-site in
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late April 2005. More than 200 shoots were extracted by cutting the rhizomes o f young
clonal shoots. Rhizome-cut shoots were immediately placed upright in garden flats
containing on-site sediment, mainly marsh peat. Garden flats were twice lined with trash
bags to hold water, topped off with peat moss and placed in the University o f New
Hampshire greenhouse facility. Phragmites plants were initially watered with freshwater,
and then gradually watered with diluted seawater to acclimate shoots to normal on site
soil salinities (15-20 ppt). Individual transplanted Phragmites had a high survival rate,
and grew taller in the greenhouse than similarly sized new shoots in the field.
Approximately 30 shoots were cut back because o f extremely high growth rates, and
allowed to re-sprout so that all plants were approximately the same height by planting
time. By the time Phragmites shoots were planted at Meadow Pond Marsh in late May,
garden flat salinities averaged 17 ppt.
Planting Procedure. Native grasses and Phragmites shoots, totaling over 700
shoots, were planted in late May 2005. Native grasses were planted as 5 cm diameter
plugs with shoot heights averaging 15-25 cm, while Phragmites shoots were planted as
bare-root culms with heights averaging 15-30 cm. Vegetation plots (30 x 30 cm) were
prepared by digging

6 -8

cm deep to loosen the sediment. Unplanted large rhizome

fragments and large coarse substrate were physically removed. Shoots were haphazardly
selected and planted using the excavated sediment. Plot shoot densities were relatively
high in PA + 1 sp. and PA + 4 spp. plots (-1200 shoots m ' ), and were comparable to
high marsh shoot densities o f undisturbed salt marshes (Figure 5).
Excess plugs and shoots were kept on-site in garden flats to replace dead plants.
The garden flats were dug 5 cm into the sediment to provide similar flooding as planted
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Figure 5 -(a) Diagram (top) and photo (bottom) o f a PA + 1 spp. vegetation plot with four
Phragmites rhizome-cut shoots and 21 native vegetation plugs. All native species planted in
the PA + 1 sp. photo are Spartina alterniflora (SA). PA is Phragmites australis, (b) Diagram
(top) and photo (bottom) of a PA + 4 spp. vegetation plot also with four Phragmites rhizomecut shoots and 21 native vegetation plugs. Native species planted in the PA + 4 spp. photo are
randomly placed within the plot and include Spartina alterniflora (SA), Spartina patens (SP),
Juncus geradii (JG), Distichlis spicata (DS). Photo was taken on 6/20/05 at Meadow Pond
Marsh Hampton, NH.
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shoots. Dead plants were replaced within two weeks after initial planting to reduce
mortalities caused by transplantation alone. Within two weeks,

6

% o f the planted

Phragmites bare-root culms died and were immediately replaced. After the first two
weeks, any shoot or plug that died was not replaced, but instead recorded.
Shoot emergence o f implanted Phragmites and other species invading the planted
vegetation plots were recorded and removed every other week. The majority o f invaders
were unplanted Phragmites shoots emerging from deep rhizomes that survived the
machine and hand removal o f the upper 15-45 cm o f sediment. Unplanted Phragmites
shoot emergence was quantified in early September by ranking each plot with an
assigned numerical value (0-3). Plots with no unplanted Phragmites shoots present were
assigned a zero (21 o f 27 plots). Plots with 1 to 4 unplanted Phragmites shoots present
were assigned a one (4 plots). Plots with 5 to

8

unplanted Phragmites shoots present

were assigned a two (1 plot). Plots with > 8 unplanted Phragmites shoots present were
assigned a three (1 plot). Unplanted Phragmites shoot emergence was ranked and
analyzed using a two factor ANOVA (elevation and community structure). Elevation did
not have a significant effect on unplanted Phragmites levels despite the low elevation
having no unplanted Phragmites shoots (F = 2.80, p = 0.174; Figure 6 ). Community
structure also had no significant effect on the emergence o f unplanted Phragmites (F =
0.60, p = 0.564). Because invading plants were removed within two weeks and no
significant trends in invaders were apparent across elevation or community structure, I
assume they did not have an appreciable effect on the results o f this experiment.
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Figure 6 - Ranked level of unplanted Phragmites shoot occurrence measured across elevation, community structure, and their interaction. Ranked level of
implanted Phragmites shoot occurrence was determined by assigning each vegetative plot a ranked value ranging from 0 to 3. Plots with no unplanted
Phragmites shoots present were assigned a 0. Plots with 1 to 4 unplanted Phragmites shoots present were assigned a 1. Plots with 5 to 8 unplanted
Phragmites shoots present were assigned a 2. Plots with >8 unplanted Phragmites shoots present were assigned a 3. Each graph was analyzed in a split plot
two factor ANOVA model with elevation as the main plot, and community structure as the sub plot. Bars represent ± 1 standard error.

Response Variables

Pore water. Pore water salinity and redox potential were measured every three
weeks beginning two weeks after initial planting, whereas pore water sulfides were
measured once in late June 2005. Each replicate block contained one well for each
elevation, totaling 12 wells (Figure 3). Wells were placed in the center o f the block, and
collected pore water at 5-25 cm depths. Pore water salinity was measured from the wells
with a temperature-corrected optical refractometer. Pore water redox potential and pore
water sulfide measurements were taken in the center o f the block adjacent to each well.
Redox potential was measured using a double junction reference electrode and platinum
tipped electrodes, which were brightened and checked before each use. Platinum
electrodes were placed into the sediment 5-10 cm deep, and allowed to sit 0.5 to 2 hours.
Measured redox potentials were corrected by adding 244 mV to arrive at Eh. To measure
pore water sulfides, metal sippers extracted pore water at 15 cm depth, which was
immediately preserved with zinc acetate and stored in a 4 °C room at JEL.
Spectrophotometric analysis determined the sulfide concentrations two days following
pore water collection (Cline 1969).
Soil Flooding. A capacitance-type water level sensor with an automatic data
recorder (Odyssey™) was installed in a 3-inch diameter PVC pipe placed in a creek
adjacent to the vegetation plots. The instrument recorded water levels every 10 minutes
from May 25th to June 12th, 2005 to assess soil flooding during both spring and neap
tides.
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Biomass. Phragmites initial dry weight aboveground biomass was estimated by
drying and weighing similarly-sized shoots to those planted. A total o f 31 Phragmites
shoots were chosen based on heights varying from 5 to 80 cm. Shoot heights and
diameters were measured and recorded. Live aboveground biomass was separated from
belowground biomass, rinsed and then oven dried at 60 °C for two days. To obtain an
aboveground biomass estimate for each planted shoot, a relationship between Phragmites
dry weight aboveground biomass and shoot height and diameter was established using a
multiple linear regression. Biomass data was transformed because initial regressions
tended to underestimate measurements for shoots <

8

cm. The best fit regression was a

log-log relationship o f aboveground biomass to shoot height and diameter (Adjusted R2:
0.927, F = 191.30, p < 0.0001). The log-log regression was designed to estimate
aboveground biomass for Phragmites shoots ranging from 5 to 40 cm in height (Figure
7).
Final biomass was obtained by collecting and measuring Phragmites shoots
planted in the vegetation plots. Final aboveground biomass was cut from the sediment
surface, rinsed and oven dried at 60 °C for two days at JEL. Final belowground biomass
was not collected due to the invasion o f unplanted Phragmites, which grew in some plots
from residual rhizomes buried deep below or adjacent to the plots. Unplanted
Phragmites shoots were identified and periodically clipped to reduce impacts on plant
competition, but their roots and rhizomes could lead to inaccurate estimates o f planted
Phragmites belowground biomass. Therefore, only aboveground biomass was measured.
Growth. Shoot growth was calculated by subtracting the initial shoot height from
the maximum shoot height(s) for each individual plant. Plots were planted with four
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4.5
Ln Y (g) = (0.787*Ln Culm Diameter (mm)) + (0.982*Ln Culm Height (cm)) -5.081
Adj. R2 = 0.955
4.0 F = 641.92. p < 0.0001
T3

3.0 Predicted range of initial biomass

2.5 -

T3

O)
0.5 -

0.0

-

-0.5
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Aboveground Biomass (g) Observed

Figure 7 - Phragmites predicted aboveground biomass versus Phragmites observed
aboveground biomass. Predicted aboveground biomass was derived from the relationship
between Phragmites culm morphology (height (cm) and diameter (mm)) and Phragmites
aboveground biomass. The boxed region represents the range of aboveground biomass used
to estimate initial aboveground biomass. Plants used for this relationship were separately
extracted on site.
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bare-root Phragmites culms. When multiple shoots emerged from a single Phragmites
plant, the sum o f all shoot heights was used. Shoot heights were measured to the tip o f
the tallest green leaf.
Vegetation plots were monitored for Phragmites shoot growth, density, and
mortality every three weeks. New Phragmites shoots less than 7 cm tall were not
considered established shoots, and therefore were not factored into growth rates, shoot
density or shoot mortality calculations.
Density. Shoot densities were measured as the greatest number o f live shoots at
any one time dining the experiment that developed from the initial planted bare-root
culms.
Mortality. Shoot mortality was calculated by dividing the total number o f dead
shoots at the end o f the experiment by the total number o f shoots.
Chlorophyll Fluorescence. A pulse amplified modulated fluorometer (PAM 1998.
Walz, Germany) was used to measure the effective quantum yield ( A F/Fm ’ = (Fm’ F)/Fm’) o f Phragmites leaves, where F is the minimum fluorescence and Fm ’ is the
maximum fluorescence under ambient light conditions (Schreiber et al. 1994). Effective
quantum yield has no units because it is a ratio that indicates the proportion of
Photosystem II reaction centers capable o f converting light into photosynthetic energy.
Therefore, the effective quantum yield can be interpreted as a measure o f photosynthetic
efficiency. A higher effective quantum yield indicates that the plant is producing more
photosynthetic product per photon absorbed (Schreiber et al. 1994; Short et. al. 2001).
The PAM fluorometer was calibrated to measure effective quantum yield in
ambient light conditions without dark adaptation. In order to reduce ambient light
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variability, which can greatly influence fluorescence measurements, the PAM
fluorometer was set to use a light averaging function for all measurements. Furthermore,
leaf measurements were made on the same day. The PAM fluorometer sampling date
was sunny with little cloud cover. Sampling occurred in a time frame o f four hours to
reduce light variability due to sun position and cloud cover. Leaf measurements were
done in the same position each time by ensuring the fluorometer and the leaves measured
were held in the same orientation. The fluorometer’s leaf clip attachment was
consistently held perpendicular to the ground surface. Moreover, the fluorometer
contained a built in light meter (PAR), which was fully exposed to ambient light at all
measurements.
Within each vegetation plot, the three healthiest Phragmites shoots were chosen
based on a qualitative assessment o f shoot height, leaf number, leaf area and leaf color.
Three leaves were sampled on each o f the selected shoots. The first leaf measurement
was taken on the youngest fully developed leaf, and the next measurements were taken
on the next older leaves. For each leaf, the fluorometer sampled the center o f the leaf
(leaf mid-point) on the adaxial surface. Leaves that were wilting, had holes, or aphid
attachment were avoided. The number o f quantum yield measurements for each plot
equaled 9 sub-samples with 27 plots sampled; except for two plots that experienced high
shoot mortality

(0

and

6

sub-samples).

Herbivorv. Phragmites shoots experienced high aphid density on certain stems
and leaves. Aphids, an insect in the Hemiptera order, typically feed on the sap o f
phloem vessels in plants using a piercing mouthpart called stylets. Aphids can negatively
impact plants by draining plant sap and transmitting diseases (Summers and Newton
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1989; Dilwith et al. 1991). In order to quantify the impacts o f aphids on the elevation
and community structure treatments, a percentage o f aphid occurrence was measured by
determining what percentage of the initial four planted Phragmites shoots experienced
aphid grazing during the growing season (e.g., 1 o f 4 Phragmites plants with aphids
equaled 25%).

Data Analysis

Statistical analyses were performed using JMP (© SAS Institute Inc. 2006, 6.0.2),
Microsoft Excel (Microsoft Excel ® 2000, 9.0) and SPSS (© SPSS Inc 2002,11.5.0).
Figures were created in Microsoft PowerPoint (Microsoft ® PowerPoint ® 2000, 9.0) or
SigmaPlot (SigmaPlot ® 2000, 6.10). Phragmites response variables were averaged for
each plot before statistical analysis. Correlations were performed to analyze covariance
between and within pore water chemistry and Phragmites response variables. An
analysis o f variance (ANOVA, p < 0.05) was used to examine the effects o f date,
elevation and community structure, which were considered fixed factors. Residuals were
examined and data were transformed using log (y + 1 ) when appropriate (aboveground
biomass, shoot growth and occurrence o f aphids) to produce homogenous, normally
distributed error. Error bars reported are ± the standard error (SE). Tukey’s post hoc
multiple comparison test (a = 0.05) examined differences in means among treatment
levels o f the interaction o f elevation and community structure. A linear contrast (a =
0. 05) examined differences in means among the treatment levels o f community structure.
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Pore water variables were analyzed using a one factor ANOVA model to examine
the effect o f elevation, and a two factor ANOVA model to examine the interaction o f
elevation and date. A two factor ANOVA model was also used to examine the multiple
effects o f elevation, community structure and their interaction on Phragmites response
variables. The ANOVAs were analyzed as split plot design due to the fixed location o f
elevation. Elevation was treated as the main plot, community structure as the sub plot,
and replicate as a blocking factor. If the effect o f community structure was significant,
interspecific competition and diversity were further investigated. To test the effect o f
interspecific competition on Phragmites, the mean o f PA alone plots (i.e., plots without
interspecific competition) was compared with the pooled means o f PA + 1 sp. and PA + 4
spp. plots (i.e., plots containing interspecific competition) using a linear contrast. To test
the effect o f diversity on Phragmites, the mean o f PA + 4 spp. plots was compared with
the mean o f PA + 1 sp. plots also using a linear contrast. Moreover, the effects o f
elevation on Phragmites in plots without interspecific competition (PA alone) were
examined using a one factor ANOVA model.

Results

Correlations

Relationships between pore water chemistry and Phragmites response variables
were analyzed using the means o f planting blocks within a correlation matrix; j r | > 0.67
indicated a significant relationship (N = 9; Table 1). Results indicate pore water salinity
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Table 1 - Correlation of pore water chemistry and Phragmites response variables using means o f planting blocks. Highlighted areas indicate a
significant relationship (| r | > 0.666, a = 0.05). N = 9.

Elevation and Community
Structure Experiment
Salinity (ppt)
Redox (mV)
Sulfides (pM)
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/Fm’)
Occurrence of Aphids (%)

Pore water
Aboveground
Shoot
Salinity
Redox
Growth
Sulfides
Biomass
1.000
0.381
1.000
-0.233
1.000
*0 861
-0.537
0.173
1.000
0 71*3
-0.658
-0.064
1.000
£848
-0.589
0.578 >
-0.360
0 741
0.664
-0.226
-0.601
-0.577
-0.614
-0 637
-0.267
0.381
-0.153
0.305
-0.279
0.624
0,700
o. m

Shoot
Density

1.000
-0.422
0.256
0.525

Shoot
Mortality

1.000
-0.397
-0.471

Quantum
Yield

1.000
0.380

was negatively correlated with occurrence o f aphids (-0.79). In addition, salinity
exhibited a non-significant negative trend with shoot growth (- 0 .6 6 ), quantum yield (0.64), shoot density (-0.59) and aboveground biomass (-0.54), and a positive trend with
shoot mortality (0.66). Pore water sulfide was negatively correlated with salinity and
positively correlated with Phragmites growth indicators (biomass, shoot growth and
density). Redox potential, however, was not correlated with any variables.
Phragmites response variables were analyzed separately using each planting plot
as an observation within a correlation matrix; | r | > 0.38 indicated a significant
relationship (N = 27; Table 2). Not surprisingly, Phragmites growth variables were
highly correlated with one another (r = 0.78 to 0.96). Phragmites shoot mortality was
most negatively correlated with shoot growth, aboveground biomass and shoot density.
Occurrence o f aphids was positively correlated with all Phragmites growth variables and
negatively correlated with mortality. Aphids were found in higher occurrences on the
healthiest Phragmites plants (Table 2). Quantum yield was uncorrelated with most
variables except for a negative correlation with aboveground biomass (-0.39), suggesting
larger plants exhibited a lower photosynthetic efficiency.

Physical Factors

Pore water. Plot elevation varied by 15.8 cm from the high marsh to the low
marsh (Table 3). Annually-averaged pore water salinity was similar across elevation
(Figure 8 a), averaging approximately 24 ppt (F = 2.34, p = 0.177; Table 3). Salinity
increased over the course o f the growing season (Figure 8 b) from brackish pore water in
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Table 2 - Correlation of Phragmites response variables using the mean o f each plot as an observation. Highlighted areas indicate a significant
relationship (| r | > 0.381, a = 0.05). N = 27.

Elevation and Community
Structure Experiment
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/Fm’)
Occurrence of Aphids (%)

Aboveground
Biomass
1.000

Shoot
Growth
1.000
0.960

43.782
4)390
074*i

*0 796
-0.225
9779

Shoot
Density

Shoot
Mortality

Quantum
Yield

1 000
-0.186
O 795

1.000
0.022
41742

1.000
0.008

Table 3 - Pore water chemistry across marsh elevation. Means of salinity, redox Eh, and
sulfide concentration are reported ± SE. ns = non significant. Bars represent ± 1 standard
error. Within parentheses are plot elevations of different treatments. Elevation at zero
represents the base of the main creek at Meadow Pond.

Elevation and Community
Structure Experiment

High M arsh
(36.0 cm)

Mid Marsh
(29.5 cm)

Low M arsh
(20.2 cm)

Salinity (ppt)

23 ± 1

25 ± 1

25 ± 1

ns

Redox (mV)

-24 ± 69

85 ±14

-7 ± 36

ns

Sulfides (pM)

92± 44

4± 1

6± 1

ns

Pore water
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the spring (13 ppt) to hypersaline conditions in the late summer (39 ppt; F = 226.07, p <
0.001). The increase in salinity from spring to late summer appeared similar across the
three elevations, but statistically was different across elevation (F = 2.44, p = 0.026).
Seasonal pore water redox potential hovered around 0 mV (Figure 9a). Redox
potentials, averaged over the growing season, were similar across elevations (F = 1.64, p
= 0.270; Table 3). Redox potential was highly variable over sampling dates (Figure 9b),
but no apparent pattern was evident with date (F = 8.29, p < 0.001). Additionally,
seasonal differences in redox potential appeared to co-vary with elevation (i.e., no date by
elevation interaction; F = 1.19, p = 0.326). Pore water sulfide concentrations were
similar, and below 100 pM across elevation and block (replicate; Table 3). Sulfide
concentrations were considered negligible, and unlikely to influence growth and survival
o f Phragmites or its competitors.
Soil Flooding. Tidal flooding remained atypical despite the culvert enlargement
for tidal restoration in 1996 and creek construction with sediment removal in 2004
(Figure 10). Both restoration measures appear to have slightly increased tides in the
study area (Burdick and Peter in prep), but tide data shows a largely diurnal (i.e., oncedaily) component laid over a strong fortnightly flooding pattern. In 2005, daily tide
fluctuations for spring tides averaged approximately 21.2 cm, while neap tides averaged
approximately 14.5 cm. During some spring tides, flooding would accumulate on each
consecutive tide without frill draining o f the marsh. During spring tides in late May, tidal
waters completely submerged the majority o f the marsh surface including high, mid and
low elevations and most o f the vegetation. A similar sediment-flooding pattern was
observed in late June, July and August. During the neap tides (early June, July, August
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Figure 8 - (a) Average pore water salinity across elevation collected with wells at 5-25 cm
depth, (b) Pore water salinity was collected throughout the growing season every 3 weeks.
Bars represent ± 1 standard error.
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Figure 9 - (a) Average pore water redox potential across elevation measured at 5-10 cm depth,
(b) Pore water redox potential was measured throughout the growing season every 3 weeks.
Bars represent ± 1 standard error.
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Figure 10 - Water level measurements recorded at Meadow Pond Marsh in a large panne
adjacent to the vegetation plots. Elevation at zero represents the base of the middle of the
main creek at Meadow Pond. Each solid straight line represents a marsh elevation. Daily
rainfall data was taken from NOAA’s NWS station in Hampton, NH. Predicted heights of
maximum high tides for Portland, ME are in parenthesis (NOAA).
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and September), most o f the marsh surface did not receive tidal flooding (Figure 10).
Occasionally, the elevation o f the low marsh received flooding, while the mid and high
marsh did not. As a result o f the partial tidal restriction, vegetation plots were exposed to
prolonged flooding during some spring tides, and little to no flooding during most neap
tides.
Besides the tides, daily changes in water level appeared to be strongly affected by
tV»

rainfall events and potentially by evapotranspiration. Rainfall during May 24 to May
28th coincided with the high water levels at Meadow Pond (Figure 10). In contrast, low
water levels at Meadow Pond coincided with a period o f no rainfall (June 2nd to June 6th).

Biotic Variables

Biomass. Phragmites aboveground biomass was not statistically different across
elevation, although a general trend o f greater aboveground biomass appeared to be
evident with greater elevation (F = 0.82, p = 0.503; Figure 11, Table 4). In contrast,
aboveground biomass was significantly influenced by community structure (F = 33.27, p
< 0.001; Figure 11). Phragmites aboveground biomass was the greatest in the PA alone
plots (6.92 ± 1.63 g) and lowest in the PA + 4 spp. plots (0.61 ± 0.15 g). Interspecific
competition significantly reduced Phragmites aboveground biomass as determined by the
results o f a linear contrast analysis (p < 0.001; Figure 11). More specifically,
aboveground biomass was over five times greater in vegetation plots without native
competitors (PA alone) than vegetation plots with native competitors (PA + 1 sp. and PA
+ 4 spp.). Diversity did not significantly affect Phragmites aboveground biomass (p =
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Figure 11 - Phragmites aboveground biomass measured across elevation, community structure, and their interaction. Each graph was
analyzed in a split plot two factor ANOVA model with elevation as the main plot and community structure as the sub plot. In the community
structure treatment, p values directly above the solid line and arrows are the results of two linear means comparisons (contrast analysis). Bars
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Table 4 - Summary of a split plot two factor ANOVA examining the effects of elevation (high, mid, low), community structure (PA + 4 spp.,
PA + 1 sp., PA alone), and their interaction on Phragmites response variables. Aboveground biomass, shoot growth and occurrence of aphids
were log (y + 1) transformed. *P value < 0.05, **P value <0.01.

Elevation and Community
Structure Experiment

Ul
C/1

Phragmites Shoots
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/Fm’)
Occurrence of Aphids (%)

Elevation
F ratio

P value

0.82
5.34
5.48
0.33
1.91
4.29

0.503
0.074
0.072
0.740
0.262
0.101

Elevation X Communitv St.
F ratio
P value

Communitv Structure
F ratio
P value
33.27
15.01
14.14
14.20
2.00
34.78

<0.001
0.001
<0.001
0.001
0.178
<0.001

**
**
**
**
**

2.28
2.91
0.91
1.01
0.47
4.24

0.121
0.068
0.490
0.442
0.755
0.023

*

0.235), despite the low diversity plots (PA + 1 sp.) having more than twice as much
biomass as the high diversity plots (PA + 4 spp.; Figure 11).
No significant interactions between elevation and community structure on
biomass were found (F = 2.28, p = 0.121; Figure 11). Lower elevation (i.e., greater
flooding), however, appeared to reduce aboveground biomass in the PA alone plots.
In an analysis o f Phragmites shoots planted alone (PA alone plots), aboveground
biomass did not change across elevation (PA alone; F = 1.94, p = 0.224; Table 5). In
addition, elevation did not significantly affect Phragmites growth, density, mortality,
quantum yield and herbivory in PA alone plots.
Growth. Phragmites shoot growth was not significantly different across
elevation, although plots at the high elevation were over 31 % greater than either the mid
or low elevation plots (Figure 12, Table 4). Greater complexity in community structure
significantly reduced shoot growth (F = 15.01, p = 0.001), but the interaction o f elevation
and community structure was not significant (Figure 12). Interspecific competition
significantly reduced Phragmites shoot growth (Figure 12). More specifically, plots with
Phragmites shoots planted alone contained shoots that grew over twice as much as
Phragmites shoots planted with native competitors. Diversity, however, did not
significantly affect shoot growth, despite the low diversity plots having 34 % greater
shoot growth than the high diversity plots (Figure 12).
Density. Phragmites shoot density was not significantly different across
elevation, whereas shoot density was significantly different across community structure
(Figure 13, Table 4). PA alone plots had nearly twice many shoots as plots planted with
native competitors; suggesting interspecific competition significantly reduced Phragmites

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 5 - Summary of a one factor ANOVA examining the effects of elevation (high, mid,
low) on Phragmites response variables in the PA alone plots only. Aboveground biomass was
log (y + 1) transformed. N = 3.

Elevation and Community
Structure Experiment
Phraem ites S hoots
A boveground Biomass (g)
Shoot Growth (cm)
Shoot D ensity (#)
Shoot M ortality (%)
Q uantum Yield (? F/Fm’)
Occurrence o f A phids (%)

Elevation
F ratio

P value

1.94
0.81
0.25
0.63
0.52
1.50

0.224
0.489
0.786
0.564
0.618
0.296
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Figure 13 - Phragmites shoot density measured across elevation, community structure, and their interaction. Each graph was analyzed in a
split plot two factor ANOVA model with elevation as the main plot and community structure as the sub plot. In the community structure
treatment, p values directly above the solid line and arrows are the results of two linear means comparisons (contrast analysis). Bars represent
± 1 standard error.

shoot density (Figure 13). Shoot density, however, was not significantly different across
high and low diversity plots. Additionally, no significant interactions between elevation
and community structure on shoot density were found.
Mortality. Elevation did not significantly affect Phragmites shoot mortality
(Figure 14, Table 4). In contrast, shoot mortality was dramatically different across
community structure levels (Figure 14). Shoot mortality was over twice as high in
vegetation plots with interspecific competition present than without. Diversity, however,
did not significantly affect shoot mortality, despite the high diversity plots experiencing
almost 15 % more shoot mortality than the low diversity plots (Figure 14). No significant
interactions between elevation and community structure on shoot mortality were found.
Chlorophyll Fluorescence. The effective quantum yield, defined as the amount
photosynthetic product per photon absorbed in Photosystem II, was not significantly
different across elevation, community structure or their interaction (Figure 15, Table 4).
Phragmites in the high elevation plots, however, appeared to exhibit considerably greater
effective quantum yield than the lower elevation plots.
Herbivory. Evidence o f herbivory on Phragmites, as indicated by the occurrence
o f aphids on stems and leaves, generally increased with elevation, but this effect was not
significant (Figure 16, Table 4). Phragmites shoots growing in the high elevation were
over 20% more likely to host aphids on their stem and leaves than in the mid and low
elevations. In contrast, interspecific competition significantly reduced the likelihood o f
Phragmites to host aphids (Figure 16). Phragmites shoots planted alone were over twice
as likely to host aphids than planted with native species. Diversity did not significantly
affect aphid occurrence even though Phragmites shoots planted in the high diversity plots
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experienced low (< 10 %) aphid occurrence (Figure 16). The interaction o f elevation and
community structure on occurrence o f aphids was also significant (F = 4.24, p = 0.023;
Figure 16). Aphid occurrence was consistently highest in the PA alone plots, with the PA
+ 1 sp. having a similarly high level only at the high elevation.

Discussion

Abiotic Factors

My results do not support the hypothesis that differences in elevation would
significantly affect Phragmites success through differences in abiotic stresses. Elevation
had no significant effects on Phragmites biomass, shoot growth, shoot density, shoot
mortality, or effective quantum yield with (Table 4) or without interspecific competition
present (Table 5). Tidal flooding, as determined by elevation, is a major driving force
determining vegetation patterns in salt marshes by altering edaphic conditions. Abiotic
stresses associated with tidal flooding may reduce primary production by diverting
energy from growth to regulating osmotic equilibrium, reducing nutrient uptake, and
shifting to anaerobic respiration (Mendelssohn et al. 1981; Burdick et al. 1989; Chambers
et al. 1998). Vince and Snow (1984) attributed the striking vertical zonation o f plants in
salt marshes to species-specific responses to abiotic stressors associated with marsh
elevation. Increases in tidal flooding can lead to increases in multiple stresses (e.g.,
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anoxia, osmotic stress, and sulfide toxicity), which negatively affect saltmarsh and
brackish plants including Phragmites.
Why didn’t a 15 cm difference in elevation have a statistical effect on Phragmites
success and health at Meadow Pond Marsh? Edpahic conditions (e.g., salinity, redox
potential, and sulfides) were similar across elevation, and resembled a marsh with coarse
sediments and moderate salinity levels. Similar edaphic conditions across elevations
were most likely due to the irregular tidal regime found at the study site (partial tidal
restriction; Figure 10), despite prior restoration efforts. Therefore, I must conclude that
the experiment failed to adequately test my hypothesis (no significant differences in
abiotic stresses across high, mid and low elevations), despite careful experimental set up
(>15 cm difference in elevation centered at approximately mean tide).

Biotic Factors

The success o f Phragmites was significantly reduced by the presence o f native
species, presumably from resource competition. Phragmites shoots planted without
native competitors present (PA alone) were clearly more productive, in terms o f
aboveground biomass, shoot growth, shoot density, and a lower shoot mortality than
Phragmites shoots planted with native competitors present (PA + 1 sp. and PA + 4 spp.).
Moreover, the occurrence o f aphids was also significantly greater on Phragmites shoots
when planted without native plants present. Aphids appeared to be selectively feeding on
healthier, more successful plants (Dilwith et al. 1991). At Meadow Pond, Phragmites
shoots were more likely to host aphids if they exhibited greater aboveground biomass,
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shoot growth and shoot density, and a lower shoot mortality rate (Table 2). Aphids may
also be attracted to plants growing in low diversity stands or monocultures. The resource
concentration hypothesis states that herbivores are more likely to locate and remain on a
host species when the host species is in dense monocultures (Root 1973). At Meadow
Pond, Phragmites planted with four native species generally had a lower occurrence o f
aphids (p = 0.054) than Phragmites planted with one native species. Therefore, the
likelihood o f Phragmites to host aphids may be due to the combined effects o f
Phragmites plant health and plant diversity at Meadow Pond.
Community structure did not appear to affect the photosynthetic efficiency
(effective quantum yield) o f Phragmites (Figure 15), despite obvious reductions in
biomass, shoot growth, density, and survival with greater complexities in community
structure. Similarities in Phragmites effective quantum yield at Meadow Pond may have
been an artifact o f sampling protocol. For each plot, only the three healthiest shoots
(shoot height, leaf size and leaf color) were measured, which may not accurately
represent the entire plot. Furthermore, effective quantum yield measurements, which are
greatly affected by irradiance (Short et al. 2001), tended to be highly variable, despite
several precautions (same day measurements, fluorometer and leaves held in the same
orientation, and a fluorometer-incorporated light averaging function). Maximum
quantum yield (the measurement o f photosynthetic efficiency using dark adaptation) is
often used in place of effective quantum yield to assess chlorophyll fluorescence because
it avoids high variable irradiance normally found in the field. Maximum quantum yield,
however, requires easily transported plants or leaf clippings, and therefore was not used
in this study.
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Similar to the findings o f previous studies, my results demonstrate that the
presence o f native species reduced the success o f Phragmites. Minchinton (2002a)
highlighted the importance o f interspecific competition in limiting Phragmites expansion
when examining natural wrack cycles. He found Phragmites expansion to be
significantly greater in areas with dead native plants previously killed o ff by wrack than
areas with existing live native plants. Minchinton and Bertness (2003) also found
Phragmites to be significantly inhibited by interspecific competition. Phragmites
decreased its growth and survival rates when planted with native saltmarsh perennials in
the high marsh. Similar to the methods presented here, they grew transplanted
Phragmites shoots in plots with and without native plants. Unlike my methods, they did
not attempt to manipulate native plant diversity, but instead used naturally growing
established stands o f native plants in the high marsh. Furthermore, Konisky and Burdick
(2004) investigated the impact o f plant competition on Phragmites when it was planted in
pairs with either halophytic or brackish competitors in open bottom containers. They
determined Phragmites was a superior competitor to most native species, and
interspecific competition slightly inhibited Phragmites growth. Typha angustifolia had
the greatest negative impact on Phragmites, whereas Spartina alterniflora and Spartina
patens had a lesser negative impact. And finally, Wang et al. (2006a) examined the
ability o f Phragmites to re-colonize a marsh after it was removed by burning and
herbicide application. They found Phragmites was less likely to colonize a marsh if
native shrubs and grasses were planted immediately after restoration. In summary, the
majority o f studies examining Phragmites in the field, where multiple factors exist,
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identified interspecific competition to have a significant and often the greatest negative
effect on the growth and survival o f Phragmites.
Interspecific plant competition within a salt marsh has important impacts on plant
communities, often leading towards the replacement o f less competitive species (Emery
et al. 2001). Plant species within a salt marsh mainly compete for three key limiting
resources, (1) space, (2) light, and (3) nutrients. First, existing native plants adjacent to
Phragmites shoots or clonal stands provide a physical barrier for the expansion o f
adventitious roots and rhizomes. Disturbance to existing native vegetation whether by
natural wrack accumulation and die off, or anthropogenic activities such as burial with
fill material or yard waste, eliminate physical barriers and allow for easier shoot or stand
expansion (Minchinton 2002a; Burdick and Konisky 2003).
Competition for light within a salt marsh has not been thoroughly investigated,
but is currently viewed as a key driver o f salt marsh plant communities along an elevation
gradient (Levine et al. 1998; Emery et al. 2001; Bertness et al. 2002). A t lower
elevations, plant species tend to allocate more resources towards tolerating abiotic
stresses resulting from greater tidal flooding. In contrast, plant species at higher
elevations typically allocate more resources towards robust canopies to compete for light
resources. Higher elevations are normally less physically stressful to marsh plants
because of less frequent tidal flooding. Phragmites appears to be more productive at
higher elevations (Hellings and Gallagher 1992; Chambers et al. 1999; Konisky and
Burdick 2004) because it allocates a large fraction o f its resources to aboveground
production; tall dense canopies competitively exclude other species through shading
(Haslam 1971; Windham and Meyerson 2003).
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Light competition mainly occurs at high elevations within a salt marsh because o f
more benign physical conditions from less frequent tidal flooding (Levine et al. 1998;
Emery et al. 2001), but can also occur at lower elevations affecting vegetative or
reproductive expansion o f Phragmites. Increased light levels at the surface o f temporary
bare soils can induce seeds to germinate or rhizome buds to emerge, which may increase
Phragmites expansion rates (Haslam 1972; Wijte and Gallagher 1996). In contrast, very
little light penetrates through to the soil surface when native plant species are present,
especially in the high marsh zone where dense tu rf species exist inhibiting Phragmites
expansion (Amsberry et al. 2000; Minchinton 2002a). A t Meadow Pond Marsh, light
appears to be a significant limiting resource to developing young Phragmites shoots.
Biomass, growth and density were significantly reduced in plots with native competitors,
presumably by competition for light. Phragmites success was also decreased in plots
with native competitors and regular fertilization, suggesting light, and not nutrients, was
the limiting resource (Chapter III Results). The effectiveness o f native competitors on
reducing growth has mainly been demonstrated on seeds or transplants o f young
Phragmites shoots. Competition for light by native plants may be less effective at
limiting well-established Phragmites stands. Stands o f Phragmites are on average over
five times taller than native marsh plants (Konisky and Burdick 2004) and shoots are
connected through rhizomes, which are used to integrate resources within a stand
(Amsberry et al. 2000).
Interspecific competition for nutrient resources, mainly nitrogen, in the soil
column can also inhibit or potentially restrict Phragmites growth (Minchinton and
Bertness 2003; Rickey and Anderson 2004). In theory, when nitrogen is limiting, the
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more nutrient-efficient plant species will ultimately outcompete the other species
assuming all else is equal (Tilman 1982; Tilman 1988). If nutrient levels are changed
from a limiting resource to a non-limiting resource, a reversal o f the competitive
dominant may occur. Examples o f inhibited growth and competitive exclusion within a
salt marsh have been reinforced by nutrient addition studies (Levine et al. 1998; Emery et
al. 2001; Minchinton and Bertness 2003).
The effects o f biodiversity on an ecosystem’s invasibility have not been
investigated in salt marshes, however, experiments conducted in grasslands have
addressed this link. Tilman et al. (1997) examined the role o f plant diversity within a
savanna grassland. Species richness showed significant positive relationships with plant
productivity and total plant nitrogen, while showing significant negative relationships
with soil nitrogen and light penetration. Their results suggest vegetation plots with
higher plant diversity were more efficient at utilizing light and nitrogen resources.
Kennedy et al. (2002) found similar results while examining the effects o f species
richness on plot invasibility in Minnesota grasslands. They discovered a 90% reduction
in non-native cover at the highest species richness level when compared to monocultures.
In a California wetland, Zedler et al. (2001) found plant productivity, nitrogen
accumulation and wildlife habitat all increased with greater plant diversity. Greater plant
diversity, although not always significant, appeared to reduce the success o f invasive
Phragmites at Meadow Pond Marsh.
The positive relationship between biodiversity and ecosystem services (e.g.,
productivity and resiliency to invasion) can be based on the partitioning o f resources
between species (Brown and Wilson 1956; Van Valen 1965; Abrams 1983), which can be
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applied over multiple scales. Two scales germane to my research include the community
and plot level scale. On a community scale, there are a series o f unique niches derived
from physical and chemical gradients. A niche provides habitat for a species that most
efficiently utilizes resources under certain physical and chemical conditions. Community
resource utilization becomes more efficient when several specialist species occupy
multiple different niches in contrast to a single generalist species occupying the majority
o f different niches in an ecosystem (Hutchinson 1959; Tilman et al. 1997). On a plot
scale, plant diversity can also impact invasibility and other ecosystem services, despite
the apparent lack o f multiple niches due to physical and chemical similarities within the
plot. Multiple species provide differential root and canopy structure allowing for further
specialization o f resource use. For example, Juncus gerardii creates a dense root matrix
that is efficient at utilizing resources in the upper layer o f the soil column, while Spartina
alterniflora creates a less dense root structure that penetrates deeper into the soil. When
both species grow adjacent to Phragmites, resource competition for nutrients may
become enhanced through differential root structures competing for resources at different
soil depths. Additionally, J. gerardii begins shoot emergence and development earlier in
the growing season than most other halophytes (Bertness and Ellison 1987). Because o f
J. gerardii’s early emergence, the peak aboveground biomass is shifted earlier in the
growing season than other marsh plants including S. alterniflora and Phragmites. The
difference in shoot emergence and peak productivity o f each species thus provides
resource competition against invaders across a temporal scale as well. Although there
may not be obvious multiple niches from similar abiotic conditions within a vegetation
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plot, differences in species morphology and phenology derived from biodiversity can
provide greater competition than a single species.
The results presented here, although not statistically significant, suggest high
native plant diversity (PA + 4 spp.) reduced Phragmites biomass, shoot growth and shoot
density, and increased shoot mortality when compared to low native plant diversity (PA +
1 sp.). Why didn’t diversity significantly affect Phragmites success? Low experimental
replication relative to the variance between plots may account for similarities in
Phragmites growth across low and high diversity plots. At each elevation, there were
only three replicates totaling nine plots (Figure 3). Further replication and/or greater
levels o f diversity may establish the negative relationship between diversity and
Phragmites. Perhaps more importantly, elevation was confounded with species
composition. Spartina alterniflora was the single competitor in the PA + 1 sp. plots at
low and mid elevations, while Spartina patens was planted at high elevations. Other
possible factors that may have dampened the negative effects o f plant diversity on
Phragmites growth include high nutrient levels, restricted tidal flooding regimes, and
species composition.
If the main mechanism for highly diverse communities to resist invaders is
through resource competition, then resources must remain limited. Meadow Pond Marsh
is located in a developed watershed with few natural buffers, perhaps leading to high
nutrient loads in surface and groundwater runoff. Furthermore, existing vegetation on the
site was removed prior to the experiment, which may have elevated soil nutrients by
eliminating plant uptake. Nutrient concentrations were not directly examined, but a
separate experiment at Meadow Pond Marsh suggests soils were saturated with nutrients.
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Direct fertilizer applications had no significant effect on Phragmites shoot growth (see
Chapter III), while existing literature has found otherwise (Minchinton and Bertness
2002; Rickey and Anderson 2004; Saltonstall and Stevenson 2007). Therefore, I
conclude high quantities o f nutrients were likely made available to Phragmites and native
perrenials within all the vegetation plots, reducing or eliminating the potential for
resource competition for nutrients.
The lack o f regular soil flooding by tidal waters may have contributed to negating
the effects o f diversity on Phragmites. Abiotic stresses such as salinity, sulfides and
anoxia can limit the amount o f available nitrogen for plant uptake (Morris 1980; Bradley
and Morris 1990). In contrast, oxidized soils can allow for more efficient internal cycling
and uptake o f nitrogen (Windham and Lathrop 1999), favoring less nutrient efficient
species. The reduction o f tidal flooding allows energy allocation to support aboveground
production, favoring species with more robust canopies rather than native saltmarsh
species that typically developed mechanisms for tolerating abiotic stresses such as salt
excretion, diffusion o f oxygen to the rhizosphere and adventitious roots (Mitsch and
Gosselink 2000). Phragmites does not appear to be able to tolerate abiotic stresses
associated with tidal flooding as well as native halophytic plants (Hellings and Gallagher
1992; Lissner and Schierup 1997; Chambers et al. 1999; Seliskar et al. 2004; Wang et al.
2006b). All plant species are positively affected when abiotic stresses are reduced,
however, species with life histories favoring the toleration o f abiotic stress (e.g., Spartina
alterniflora and Spartina patens) give way to species that favor competitive ability (e.g.,
Phragmites and Typha angustifolia; Grime 1977).
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Lastly, species composition can largely affect the outcome o f plant competition.
Certain species may be better equipped to inhibit the success o f an invader through
resource competition, while other species may little effect to no effect or even facilitate
an invasion. For instance, Iva frutescens (marsh elder), a woody shrub, inhabits the upper
edge o f the high marsh. Bertness and Hacker (1994) discovered I. frutescens was more
likely to expand downward into the high marsh when Juncus gerardii was present. They
and others concluded that J. gerardii facilitated the expansion by increasing soil aeration,
oxidizing toxic sulfides, and reducing salinity from shading (Schat 1984; Konisky and
Burdick 2004). It is unlikely native species used at Meadow Pond facilitated Phragmites
growth because Phragmites, unlike I. frutescens, is able to actively oxygenate its
rhizosphere, and therefore is more suited to tolerate anoxic soil conditions. Additionally,
Emery et al. (2000) found different levels o f competitive ability between saltmarsh
perennial grasses in Rhode Island. They found J. gerardii was the competitive dominant
in the high marsh followed by Spartina patens, Distichlis spicata, and Spartina
alterniflora. Competitive abilities for each o f these species, however, appeared to be
altered by elevation and nutrient levels.
In summary, sediment elevation did not have a significant effect on the success o f
individually planted Phragmites culms, perhaps due to similarities in tidal flooding and
pore water chemistry at each elevation. Therefore, the examination o f the interactive
effects o f elevation and community structure on Phragmites was not made possible and
as a result was inconclusive. In contrast, greater complexities in community structure
significantly inhibited the establishment o f individually planted Phragmites culms.
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Success o f Phragmites was significantly reduced by interspecific competition, while
native plant diversity appeared to have a general negative impact.
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CHAPTER III

THE EFFECTS OF NUTRIENTS AND COMMUNITY STRUCTURE ON THE
SUCCESS AND HEALTH OF PHRAGMITES AUSTRALIS

Introduction

Over the last half-century, anthropogenic eutrophication (i.e., enrichment o f key
nutrients; Lampert and Sommer 1997) has increased along with human population
density and associated environmental impacts in the Northeast U.S. (Valiela et al. 1992;
Howarth et al. 1996; Vitousek et al. 1997). Excessive nutrient loading into coastal
ecosystems has been traced back to upland sources (Short and Burdick 1996; McClelland
and Valiela 1997; McClelland and Valiela 1998; Bertness et al. 2002). Salt marshes, in
particular, are subject to nutrient loading due to intense development o f coastal regions
and high inputs o f nutrients via atmospheric deposition, surface and groundwater runoff
from developed uplands. Human sources contributing to the increases in nutrient loads
include point and non-point sources (e.g., fossil fuel combustion, creation and application
o f fertilizers, leguminous agriculture crops, and wastewater), which typically contain
high concentrations of nitrogen; the limiting nutrient in North American salt marshes
(Valiela and Teal 1974; Kiehl et al. 1997). As a result o f anthropogenic eutrophication,
the functions o f salt marshes and other coastal ecosystem have potentially been degraded
(Valiela et al. 1992; Short and Burdick 1996; Bertness et al. 2002).
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Eutrophication may have a large impact on salt marsh plant communities. Salt
marshes exhibit strong vertical plant zonation, which has historically been attributed to
physical and chemical parameters associated with tidal flooding (Vince and Snow 1984),
but more recently to interspecific plant competition (Bertness and Ellison 1987).
Zonation patterns for species were defined by abiotic stress at their lower limits and
competitive stress at their upper limits (Emery et al. 2001), but even this new paradigm
has been turned on its head if marshes receive excess nitrogen (Levine et al. 1998).
Emery et al. (2001) investigated the role o f nutrients on plant zonation in a salt marsh by
examining the effects o f nitrogen additions on plant competitive interactions in the high
marsh. When Spartina alterniflora (smooth cordgrass) was transplanted into the high
marsh within a stand o f Spartina patens (salt hay grass), S. alterniflora was quickly outcompeted by S. patens. However, S. alterniflora out-competed S. patens if fertilizer was
applied regularly. Emery et al. (2001) concluded that competition for nitrogen was
reduced under fertilization, allowing S. alterniflora to gain a competitive advantage over
S. patens for light.
Nutrients and light are two major limiting resources within a salt marsh plant
community (Valiela and Teal 1974; Kiehl et al. 1997). Each resource becomes more
significant to interspecific plant interactions when the other resource is abundant, or in
other words, non-limiting (Tilman 1982; Tilman 1988). In Emery et al. (2001)’s
transplantation experiment, nutrients became non-limiting through fertilization allowing
light to become the limiting resource, thereby determining the competitive outcome.
Greater nutrient loading to marshes over the past few decades (Howarth et al. 1996;
Vitousek et al. 1997) may shift plant competition from belowground for nutrients to
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aboveground for light. A shift in plant competition related to light resources allows some
species with taller canopies, such as Spartina pectinata (slough grass), Typha angustifolia
(narrowleaf cattail), and Phragmites australis (common reed), to gain a competitive
advantage over shorter species (e.g., Spartina patens).
Over the last half century, the Eurasian haplotype of P. australis (hereafter
Phragmites) has rapidly expanded its distribution in New England tidal marshes
(Chambers et al. 1999), and as a result, ecosystem functions have been reduced or lost
(Zedler et al. 2001; Burdick and Konisky 2003). Invasive Phragmites has been observed
to more frequently invade salt marshes with high nutrient loads (Bertness et al. 2002;
Silliman and Bertness 2004). Minchinton and Bertness (2003) found that elevated
nutrients significantly increased Phragmites growth (e.g., biomass, shoot density, shoot
height, and distance o f stand expansion) when planted in field plots lacking neighboring
plants. Rickey and Anderson (2004) also found nitrogen additions significantly increased
Phragmites biomass relative to other marsh plants. Elevated nutrients appear to release
Phragmites from belowground competition and increase aboveground productivity
(Minchinton and Bertness 2003; Rickey and Anderson 2004). More productive
Phragmites is then more likely to rapidly displace native vegetation by its superior
competitiveness for light (Meyerson et al. 2000; Burdick and Konisky 2003; Silliman and
Bertness 2004).
By altering plant communities and facilitating invasive species, excessive nutrient
loads can negatively impact salt marsh ecosystem services. Phragmites invasion has led
to a direct decline in biodiversity (Keller 2000; Meyerson et al. 2000), and reduced other
salt marsh ecosystem services (discussed in Chapter I). After Phragmites has invaded
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and expanded into a salt marsh, significant differences in carbon storage (Windham and
Lathrop 1999; Bart and Hartman 2000; Warren et al. 2001; Findlay et al. 2002), nitrogen
cycling (Findlay et al. 2003; Windham and Meyerson 2003), and declines in fish and
invertebrate density, and bird abundance (Roman 1978; Benoit and Askins 1999; Angradi
et al. 2001; Able et al. 2003; Posey et al. 2003) have all been observed. Additionally, salt
marshes serve a larger role in protecting sensitive estuarine habitats (e.g., seagrass
meadows) from over enrichment (Valiela and Cole 2002). As greater nutrient loads
begin to saturate salt marshes, more nitrogen will be released to estuarine waters, leading
to habitat degradation primarily through increased growth by macroalgae and
development o f nuisance algal blooms. Excessive algal growth is a growing problem in
coastal ecosystems because o f deceases in light penetration, periodic anoxic events, and
increases in biotoxins, which all contribute to habitat degradation and loss o f coastal
resources (Short et al. 1995 Short and Burdick 1996; Deegan et al. 2002; Pinckney et al.
2001). Therefore, the degradation o f salt marshes by the Phragmites invasion may not
only affect salt marsh functions, but also seagrass meadows and other coastal habitats.

Goals and Objectives

Multiple stress field manipulations may be more realistic than single stress
experiments in a controlled setting when attempting to understand Phragmites
establishment and expansion. Populations o f Phragmites inhabiting a salt marsh are
exposed to a range o f physical, chemical and biological conditions, which change over
season and time, and have a positive as well as negative effect on its success and health.
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An increased understanding o f the interactive effects o f environmental conditions on
Phragmites will help to develop new and perhaps more efficient means o f control. Here,
I investigated the interactive effects o f nutrient additions and community structure (i.e.,
interspecific competition, species richness, and species evenness) on the success and
health o f Phragmites within a salt marsh. Phragmites success and health were assessed
by measuring the response o f several morphological and physiological features.
Shoots of Phragmites and native plants were transplanted into fertilized and non
fertilized areas o f the high marsh to test the effects o f multiple interactive stresses on
Phragmites success and health. My hypotheses were (1) elevated nutrient levels will
increase the success and health o f Phragmites, (2) plots with interspecific competition
will decrease Phragmites, (3) plots with high native plant diversity (e.g., richness and
evenness) will decrease Phragmites due to greater resource competition than in plots
containing low native plant diversity, and (4) elevated nutrient levels will interact with
interspecific resource competition and native plant diversity to reverse the negative
effects o f each on Phragmites.

Methods

The experiment reported here was similar in methodology to the experiment
described in Chapter II. Both experiments were located in the sediment removal section
o f Meadow Pond Marsh, Hampton, NH, and used identical vegetation sources, planting
protocols (i.e., planted, maintained and measured on same days), and data collection. A
set of planted vegetation plots were shared between the experiment presented here
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(control plots, no nutrient additions) and the experiment discussed in Chapter II (high
elevation plots). Details on planting procedures and measurements o f response variables
are discussed in the methods section o f Chapter II.

Experimental Design

The effects o f nutrients and community structure on Phragmites were examined
in a two factor randomized complete block design, which was treated as a split plot.
Vegetation plots were planted across two distinct nutrient treatments that varied in three
distinct community structure types (measurement o f interspecific competition, species
richness and species evenness). Nutrient levels included fertilized and unfertilized plots
in the high marsh, whereas community structure types included: (1) Phragmites planted
without interspecific competition (PA alone), (2) Phragmites planted with one species
(PA + 1 sp.) and (3) Phragmites planted with four species (PA + 4 spp.). Planted
vegetation plots in the unfertilized high marsh were the same plots used in Chapter II
(Figure 17). A duplicate set o f plots were established as fertilized plots 200 cm landward
from unfertilized plots in high marsh, and on a slightly lower elevation (3.5 cm) to
prevent fertilizer movement into unfertilized plots (Figure 17). The layout o f the
experiment is shown in Figure 18, with nine vegetation plots for each nutrient treatment
and the three community structure treatments randomized within each replicate.
Nutrient additions were mainly comprised o f nitrogen (29:3:4, N: P: K) and were
in granular form (Scotts Turf Builder Lawn Fertilizer with micro-nutrients). The amount
o f nutrients added was 5 g per plot (0.09 m2), which was applied three times during the
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Nutrient and Community Structure
Experiment

Elevation and Community Structure
Experiment

00

to

■■■11

H igh (fertilized)
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E le v a tio n

Figure 17 - Photo of vegetation plot placements for both the nutrient and community structure experiment and elevation and community
structure experiment. Each experiment shared the high marsh series of vegetation plots that were not fertilized. Photo was taken on 6/20/05 at
Meadow Pond Marsh Hampton, NH.
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Figure 18 - Design of vegetation plot placements for the nutrient and community structure experiment. The placement o f each community
structure treatment level within a regularly fertilized marsh area and an unfertilized marsh area was randomly determined. PA is low native
plant diversity (PA alone), PA+1 is mid native plant diversity (PA + 1 sp.), PA+4 is high native plant diversity (PA + 4 spp.). Distances
between plots are shown.

growing season beginning in June 2005. The amount and frequency o f fertilization was
2

•

1

designed to give specific levels o f annual nitrogen (48 g o f N • m ' • y r"), comparable to
other Phragmites fertilization studies (Minchinton and Bertness 2003; Rickey and
Anderson 2004). Fertilizer was spread evenly and pressed into the soil June 6th, June 20th
and July 8th during low tide.

Vegetation

Emerging shoots of invading unplanted Phragmites and other species were
removed every other week. Unplanted Phragmites shoot emergence was quantified in
early September by ranking each plot with an assigned numerical value (0-3). Plots with
no implanted Phragmites shoots present were assigned a 0 (7 o f 18 plots). Plots with 1 to
4 unplanted Phragmites shoots present were assigned a one (5 plots). Plots with 5 to 8
unplanted Phragmites shoots present were assigned a two (3 plots). Plots with >8
unplanted Phragmites shoots present were assigned a three (3 plots).
Unplanted Phragmites shoot emergence was ranked and analyzed using a two
factor ANOVA (nutrient and community structure). Nutrient level, community structure,
and the interaction o f the two had no significant effects on the level o f unplanted
Phragmites (Figure 19). Although not significant (F = 3.69, p = 0.195), fertilized plots
(1.8 ± 0.9) contained a greater number o f unplanted Phragmites shoots than unfertilized
plots (0.4 ± 0.9).
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Figure 19 - Ranked level of unplanted Phragmites shoot occurrence measured across nutrient levels, community structure, and their interaction. Ranked
level of unplanted Phragmites shoot occurrence was determined by assigning each vegetative plot a ranked value ranging from 0 to 3. Plots with no
unplanted Phragmites shoots present were assigned a 0. Plots with 1 to 4 unplanted Phragmites shoots present were assigned a 1. Plots with 5 to 8
unplanted Phragmites shoots present were assigned a 2. Plots with >8 unplanted Phragmites shoots present were assigned a 3. Each graph was analyzed in
a split plot two factor ANOVA model with nutrients as the main plot and community structure as the sub plot. Bars represent ± 1 standard error.

Data Analysis

Statistical analyses were performed using JMP (© SAS Institute Inc. 2006, 6.0.2),
Microsoft Excel (Microsoft Excel ® 2000, 9.0) and SPSS (© SPSS Inc 2002,11.5.0).
Figures were created in Microsoft PowerPoint (Microsoft ® PowerPoint ® 2000, 9.0) or
SigmaPlot (SigmaPlot ® 2000, 6.10). Phragmites response variables were averaged for
each plot before statistical analysis. Correlations were performed to analyze covariance
between and within pore water chemistry and Phragmites response variables. An
analysis o f variance (ANOVA, p < 0.05) was used to examine the effects o f date,
nutrients and community structure, which were considered fixed factors. Residuals were
examined and data were transformed using log (y + 1) when appropriate (aboveground
biomass, shoot growth and occurrence o f aphids) to produce homogenous, normally
distributed error. Error bars reported are ± the standard error (SE). Tukey’s post hoc
multiple comparison test ( a = 0.05) examined differences in means among treatment
levels for pore water chemistry, whereas a linear contrast analysis (a = 0.05) examined
differences in means among treatment levels o f community structure.
Pore water variables were analyzed using a one factor ANOVA model to examine
the effect o f nutrients, and a two factor ANOVA model to examine the interaction o f
nutrients and date. Redox potential values were corrected by adding 244 mV to arrive at
Eh.
A two factor ANOVA model was used to examine the multiple effects o f
nutrients, community structure (i.e., measure o f interspecific competition, species
richness and evenness) and their interaction on Phragmites response variables. The
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ANOVAs were analyzed as split plot design due to the fixed location o f nutrient
additions. Nutrient was treated as the main plot, community structure as the sub plot, and
replicate as the blocking factor. If the effect o f community structure was significant,
interspecific competition and diversity were further investigated. To test the effect o f
interspecific competition on Phragmites, the mean o f PA alone plots (i.e., plots without
interspecific competition) was compared with the pooled means o f PA + 1 sp. and PA + 4
spp. plots (i.e., plots containing interspecific competition) using a linear contrast. To test
the effect o f diversity on Phragmites, the mean o f PA + 1 sp. plots was compared with
the mean o f PA + 4 spp. plots also using a linear contrast. Moreover, the effects o f
nutrient additions on Phragmites in plots without interspecific competition (PA alone)
were examined using a one factor ANOVA model.

Results

Correlations

The relationships between pore water chemistry and Phragmites response
variables were examined using the means o f planting blocks within a correlation matrix;
| r | > 0.81 indicated a significant relationship (N = 6; Table 6). The results point to a
general negative trend between salinity and Phragmites success and health indicators
including occurrence o f aphids (-0.81), quantum yield (-0.65), shoot density (-0.64) and
aboveground biomass (-0.57). In addition, salinity exhibited a general positive trend with
shoot mortality (0.70). Pore water sulfide was negatively correlated with salinity, but not
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Table 6 - Correlation of pore water chemistry and Phragmites response variables using means of planting blocks. Highlighted areas indicate a
significant relationship (| r | > 0.811, a = 0.05). N = 6.

Nutrient and Community
Structure Experiment
Salinity (ppt)
Redox (mV)
Sulfides (pM)
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/Fm’)
Occurrence of Aphids (%)

Salinity
1.000
0.240
,

\<QM l
-0.570
-0.170
-0.639
0.704
-0.647
-0.S09

Pore water
Redox
1.000
-0.091
0.103
0.589
0.334
-0.288
-0.261
-0.395

Sulfides

1.000
0 849
0.539
0.796
-0.690
0.523

Aboveground
Biomass

Shoot
Growth

Shoot
Density

Shoot
Mortality

Quantum
Yield

1.000

-0.793
0.578
0.801

1.000
0.795
-0.693
0.238
0.367

1.000
0.685
0.709

1.000
-0.590
-0.703

1.000
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Table 7 - Correlation of Phragmites response variables using the mean of each plot as an observation. Highlighted areas indicate a significant
relationship (| r | > 0.468, a = 0.05). N = 18.

Nutrient and Community
Structure Experiment
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/FnT)
Occurrence o f Aphids (%)

oo

Aboveground
Biomass
1.000

Shoot
Growth

Shoot
Density

6903
0864
-it

1.000
6,942

1.000

0.372
0 742

0.357
0712

Shoot
Mortality

Quantum
Yield

1.000
0.400
0,766

1.000

|
-0 73)

0 633

redox potential. Sulfide was positively correlated with aboveground biomass and
occurrence o f aphids, and exhibited a general positive trend with other Phragmites
success and health indicators (e.g., shoot growth, shoot density, and quantum yield).
Redox potential was not correlated with any soil or Phragmites response factors.
Phragmites response variables were analyzed separately using each planting plot
as an observation within a correlation matrix; j r | > 0.47 indicated a significant
relationship (N = 18; Table 7). Phragmites success and health indicators were highly
correlated (> 0.78) with one another with the exception o f quantum yield. Shoot
mortality was negatively correlated with all success and health indicators, particularly
aboveground biomass (-0.79), shoot density (-0.78) and to a lesser degree, quantum yield
(-0.57). Furthermore, occurrence o f aphids was positively correlated with all Phragmites
success and health indicators and negatively correlated with shoot mortality.

Physical Factors

Pore water. Annually averaged pore water salinity was slightly higher in the
fertilized plots (27 ± 0.8 ppt) than non-fertilized plots (23 ± 0.7 ppt; F = 11.08, p = 0.029;
Figure 20) despite both series o f plots being located on similar elevations (Table 8).
Differences in salinity by sampling date were apparent with lower salinities in the spring
and higher salinities towards the late summer (F = 103.83, p < 0.001). Seasonal
differences in pore water salinity appeared to vary similarly across nutrient level (F =
1.45, p = 0.245). Pore water redox potentials were not significantly different across
nutrient level (F = 0.25, p = 0.646; Figure 21). In addition, redox potentials were highly
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Figure 20 - (a) Average pore water salinity across nutrient levels collected with wells at 5-25
cm depth, (b) Pore water salinity was collected throughout the growing season every 3 weeks
Letters indicate a significant difference between the means (Tukey’s post hoc test, a = 0.05).
Bars represent ± 1 standard error.
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Table 8 - Pore water chemistry across fertilized and non-fertilized areas. Means of salinity,
redox Eh, and sulfide concentration are reported ± SE. *P value < 0.05, **P value < 0.01, ns
= non significant.

Nutrient and Community
Structure Experiment

Fertilized

Unfertilized

Pore water
Salinity (ppt)

27 ± 1

23 ± 1

**

Redox (mV)

13 ± 2 7

-24 ± 6 9

ns

7± 2

92 ± 4 4

ns

Sulfides (pM)
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Figure 21 - (a) Average pore water redox potential across nutrient levels measured at 5-10 cm
depth, (b) Pore water redox potential was measured throughout the growing season every 3
weeks. Bars represent ± 1 standard error.
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variable across the growing season (F = 5.69, p = 0.001), but appeared to co-vary with
nutrient level (F = 1.19, p = 0.326). Pore water sulfide concentrations were similar, and
below 100 pM across nutrient level and block (replicate; Table 8).
Soil Flooding. The tidal flooding regime is shown and discussed in Chapter II
(Figure 10). The pattern o f tidal flooding was atypical o f a salt marsh despite a
significant culvert replacement project to restore tidal exchange in the system. Flooding
o f the high marsh only occurred during spring tides. For several days each month, spring
tides would completely and continuously inundate the high marsh due to the
accumulation o f tidal waters upstream o f the culvert. In contrast, neap tides occasionally
flooded the low marsh, but did not flood the high or mid marsh at all.

Biotic Variables

Biomass. Phragmites aboveground biomass in the unfertilized plots (3.95 + 2.93
g) was not significantly different from the fertilized plots (3.16 ± 1.67 g; Figure 22; Table
9). In contrast, aboveground biomass was significantly different across community
structure (F = 17.70, p = 0.001) with aboveground biomass being the greatest in the PA
alone plots. Interspecific competition significantly reduced Phragmites aboveground
biomass according to the results o f a linear contrast (p < 0.001). Phragmites shoots
planted without interspecific competition present (PA alone) were over three times
greater in aboveground biomass than Phragmites shoots planted with native competitors
(PA + 1 sp. and PA + 4 spp.). Diversity, however, had no significant effect on
Phragmites aboveground biomass according to the results o f a second linear contrast (p <
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Figure 22 - Phragmites aboveground biomass measured across nutrient levels, community structure, and their interaction, Each graph was
analyzed in a split plot two factor ANOVA model with nutrients as the main plot and community structure as the sub plot, In the community
structure treatment, p values directly above the solid line and arrows are the results of two linear means comparisons (contrast analysis). Bars
represent ± 1 standard error.
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Table 9 - Summary of a split plot two factor ANOVA examining the effects of nutrients (fertilized, unfertilized), community structure (PA + 4
spp., PA + 1 sp., PA alone), and their interaction on Phragmites response variables. Aboveground biomass, shoot growth and occurrence of
aphids were log (y + 1) transformed. *P value < 0.05, **P value < 0.01.

Nutrient and Community
Structure Experiment

vo
O

n

Phragmites Shoots
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/FnT)
Occurrence of Aphids (%)

Nutrients
F ratio

P value

0.04
2.14
0.31
0.26
0.23
1.00

0.857
0.281
0.635
0.661
0.677
0.423

Communitv Structure
F ratio
P value
17.70
9.61
10.79
4.13
2.75
9.31

0.001
0.008
0.005
0.059
0.123
0.008

Nutrients X Communitv St.
F ratio
P value
**
**
**

**

0.10
0.21
0.01
0.55
0.47
0.66

0.901
0.816
0.986
0.596
0.644
0.543

Table 10 - Summary of a one factor ANOVA examining the effects of nutrients (fertilized,
unfertilized) on Phragmites growth characteristics in the PA alone plots only. N = 3.

Nutrient and Community
Structure Experiment

Nutrients
F ratio

P value

A boveground Biomass (g)
Shoot Growth (cm)
Shoot D ensity (#)

0.34
0.23
0.10

0.593
0.659
0.766

Shoot M ortality (%)
Q uantum Yield (? F/Fm’)
Occurrence o f A phids (%)

0.00

0.987

1.94
0.00

0.237
1.000

Phragm ites S hoots
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0.063). Despite being non-significant, biomass in the low diversity vegetation plots (i.e.,
PA +1 sp.) was also over three times greater than biomass in the high diversity vegetation
plots (PA + 4 spp.). No significant interactions between nutrients and community
structure were found (p = 0.901; Figure 22).
Nutrient addition had no significant effect on Phragmites aboveground biomass
when planted with or without interspecific competition (Figure 22, Table 10). All other
Phragmites response variables were also not significantly affected by nutrient addition
when Phragmites shoots were planted alone (Table 10).
Growth. Nutrient levels had no significant effect on the shoot growth (maximum
shoot height(s) - initial shoot height) o f Phragmites (Figure 23, Table 9). Community
structure, however, had a significant effect on shoot growth, with growth in the PA alone
plots (94.8 ± 1 3 .4 cm) being greater than both the PA +1 sp. (62.1 ± 8 .7 cm) and the PA
± 4 spp. (24.8 ± 18.2 cm) plots. Interspecific competition significantly reduced
Phragmites shoot growth by over 52 %. Diversity significantly reduced shoot growth,
with low diversity plots having over two times greater growth than high diversity plots
(Figure 23). In addition, the interaction o f nutrient levels and community structure on
shoot growth was not significantly different with nearly identical patterns at each nutrient
level (Figure 23).
Density. Phragmties shoot density ranged from 2.7 to 2.9 shoots/plot, and was
not significantly different across nutrient level (Figure 24, Table 9). Greater complexities
in community structure, however, significantly reduced the maximum number o f shoots.
PA alone (4.0 ± 0.4 shoots/plot) had the greatest number o f shoots, while the PA ± 1 sp.
(2.8 ± 0.7 shoots/plot) was intermediate and the PA ± 4 spp (1.6 ± 0.2 shoots/plot) was
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the lowest. No significant interactions between nutrients and community structure on
shoot density were found. Furthermore, interspecific competition (p = 0.004) and greater
diversity (p = 0.043) both significantly reduced Phragmites shoot density (Figure 24).
Mortality. Phragmites shoot mortality was not significantly affected by nutrient
additions, community structure or their interaction (Figure 25, Table 9). However, the
average mortality within PA alone plots appeared lower than the plots with competition.
Chlorophyll Fluorescence. Nutrients, community structure and the interaction o f
the two did not significantly affect Phragmites effective quantum yield (Figure 26, Table
9). In general, plants in the high diversity plots (PA + 4 spp.) appeared to posses a lower
effective quantum yield.
Herbivorv. Evidence o f herbivory as identified by the occurrence o f aphids on
Phragmites shoots and leaves, was not significantly different between unfertilized (52.8 ±
21.0 %) and fertilized plots (38.9 ± 21.8 %; Figure 27, Table 9). In contrast, greater
complexities in community structure significantly reduced aphid occurrence. PA alone
plots experienced the greatest occurrence o f aphids (75.0 ±9.1 %), while the PA + 4 spp.
plots experienced the least (12.5 ± 5.6 %). No significant interactions between nutrients
and community structure on occurrence o f aphids were found. Moreover, interspecific
competition and diversity both significantly reduced the occurrence o f aphids on
Phragmites stems and leaves (Figure 27).
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Figure 23 - Phragmites shoot growth in terms of height, measured across nutrient levels, community structure, and their interaction. Each
graph was analyzed in a split plot two factor ANOVA model with nutrients as the main plot and community structure as the sub plot. In the
community structure treatment, p values directly above the solid line and arrows are the results of two linear means comparisons (contrast
analysis). Bars represent ± 1 standard error.
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Figure 25 - Phragmites shoot mortality measured across nutrient levels, community structure, and their interaction. Mortality was calculated
by dividing the number of dead shoots by the number of total shoots. Each graph was analyzed in a split plot two factor ANOVA model with
nutrients as the main plot and community structure as the sub plot. Bars represent ± 1 standard error.
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Figure 27 - Percent occurrence of aphid attachment to Phragmites shoots measured across nutrient levels, community structure, and their
interaction. Percent occurrence of aphid attachment was determined by dividing the number of shoots infested with aphids by the total number
of shoots. Each graph was analyzed in a split plot two factor ANOVA model with nutrients as the main plot and community structure as the
sub plot. In the community structure treatment, p values directly above the solid line and arrows are the results of two linear means
comDarisons (contrast analysis'). Bars reoresent ± 1 standard error.

Discussion

Abiotic Factors

Phragmites success and health was not significantly affected by nutrient additions
at Meadow Pond Marsh. The importance o f nutrients on saltmarsh vegetation has been
substantiated on repeated occasions with nutrient addition studies (Kiehl et al. 1997;
Levine et al. 1998; Emery et al. 2001). Excess nutrients may alter the competitive
hierarchy within a plant community by reducing belowground competition through an
increase in resource levels, leaving plant species to compete for light (Tilman
1982;Tilman 1988). Naturally, nutrient additions in a salt marsh favor plant species that
are relatively poor competitors for nutrients and good competitors for light. Phragmites
may not be as adept as native marsh plants in competing for nutrients because it has a
high nutrient demand, presumably from its remarkably high biomass production
(Windham and Lathrop 1999; Warren et al. 2001; Windham and Meyerson 2003). In
contrast, Phragmites is likely to have an advantage at competing for light because it
typically grows to a height o f more than three times the height o f native marsh plants
(Meyerson et al. 2000), and has a greater aboveground to belowground biomass ratio
(Haslam 1972). Previous findings have found increases in Phragmites productivity when
fertilized (Haslam 1972; Minchinton and Bertness 2003; Rickey and Anderson 2004;
Ravit et al. 2006; Saltonstall and Stevenson 2007), which may allow it to outcompete
native species.
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The similarities o f Phragmites growth and survival in fertilized and unfertilized
areas may be a result o f several conditions that may have saturated the site with nutrients
prior to the experiment. Meadow Pond Marsh, located behind a highly developed barrier
beach in Southeastern New Hampshire, was designated as “severely restricted” in terms
of tidal flooding (USDA 1995). The marsh’s watershed has few natural areas to absorb
watershed runoff potentially rich in nutrients. Local sources o f nutrients such as lawn
fertilizer and septic systems may also significantly contribute to the marsh’s nutrient
pool, as the transition zone (i.e., buffer) from marsh to upland is highly developed.
Potentially further contributing to greater nutrient availability at Meadow Pond Marsh is
the partial tidal restriction stemming from a culvert that appears to be still too small
(Figure 10). Salinity, sulfide and anoxia, which are associated with tidal flooding, can
limit nutrient uptake (Morris 1980; Burdick et al. 1989; Bradley and Morris 1990;
Chambers et al. 1998). For example, Morris (1980) found salinity significantly reduced
the nutrient uptake rate o f Spartina alterniflora by directly competing for binding sites
with nutrients molecules o f similar charges. Therefore, the amelioration o f tidal flooding
stresses can in effect, increase nutrient availability and uptake for marsh plants. In
addition, extensive restoration took place at Meadow Pond in 2004 to reduce Phragmites
populations. The restoration effort included the knockdown o f existing vegetation and
the removal o f the top 10-40 cm o f sediment, leaving the excavated area un-vegetated.
As a result o f restoration disturbances, nutrient pools may have substantially increased;
continued nutrient cycling o f dead organic matter and the absence of live plants may
greatly increase nitrogen levels for an extended period o f time (Findlay et al. 2003).
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Lastly, the growth and survival o f Phragmites may have been inhibited by greater
pore water salinities in the fertilized areas (27 ± 1 ppt) than in unfertilized areas (23 ± 1
ppt), which also could have reduced the influence of nutrient additions (Figure 20).
Although not significant, results from correlations showed a negative trend with salinity
and Phragmites aboveground biomass, shoot density and quantum yield, and a positive
trend with shoot mortality (Table 6). Experimental evidence suggests Phragmites growth
and survival can become significantly reduced in pore water salinities greater than 15-20
ppt (Hellings and Gallagher 1992; Lissner and Schierup 1997; Rolletschek and
Hartzendorf 2000; Konisky and Burdick 2004; Vasquez et al. 2005). Similarities in
Phragmites growth and survival across fertilized and unfertilized areas is likely due to the
combined effects o f potential nutrient saturation and the slightly higher pore water
salinity in the fertilized area.

Biotic Factors

At Meadow Pond Marsh, Phragmites was affected by the presence o f neighboring
plants, and presumably interspecific plant competition. Vegetation plots with
neighboring plants (PA + 1 sp. and PA + 4 spp.) significantly reduced Phragmites
aboveground biomass, shoot growth, shoot density, and the occurrence o f aphids
compared to plots with Phragmites planted alone. Although not significant, interspecific
competition also appeared to increase shoot mortalities, and reduce quantum yield.
Interspecific competition can significantly alter plant communities within a salt
marsh (Bertness and Ellison 1987; Levine et al. 1998; Emery et al. 2001). Amsberry et
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al. (2000) were among the first to recognize the negative impacts neighboring plants had
on the growth and survival o f Phragmites. They found that clusters o f Phragmites (2-5
shoots) transplanted into different marsh zones had a lower survival rate with neighboring
plants present compared to without. More recent studies have also documented the
negative effects o f neighboring plants on Phragmites in a salt marsh, citing reductions in
growth and survival (Minchinton 2002a; Minchinton and Bertness 2003; Konisky and
Burdick 2004; Wang et al. 2006a).
A mechanism in which plant species reduce the success or exclude other species
within a salt marsh is through competition for limiting resources, mainly space, light and
nutrients (Keddy 1989; see Chapter II discussion). Naturally, resource availability can
affect the competitive interactions between species. For instance, Minchinton and
Bertness (2003) found that neighboring plants significantly reduced Phragmites growth
in a salt marsh. An increase in belowground resources through regular fertilization,
however, generally increased Phragmites growth when planted with neighboring species.
Nitrogen enrichment may have a greater positive effect on Phragmites proportionally
more than halophytic species by shifting competition from belowground resources to
aboveground resources (Emery et al. 2001). Furthermore, abiotic stresses may affect
competitive interactions within a salt marsh, which can alter or reverse the competitive
relationship between species (Wang et al. 2006b). At Meadow Pond, tides are partially
restricted (Figure 10), which may have tipped the competitive hierarchy in favor of
brackish species such as Phragmites. Tidal restrictions can alleviate abiotic stresses (e.g.,
salinity, anoxia and sulfides), favoring brackish species proportionally more than
halophytic species because brackish species are less tolerant to tidal flooding (Konisky
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and Burdick 2004). Disturbances to salt marshes that alter resource levels and abiotic
stresses may alter interspecific competition and shift species composition.
The positive relationship between biodiversity and ecosystems services has not
been clearly demonstrated with evidence both supporting (Elton 1958; Tilman 1982;
Tilman et al. 1997; Naeem et al. 2000; Kennedy et al. 2002) and refuting it (Grime 1997;
Schwartz et al. 2000). The majority o f studies that support a positive association between
biodiversity and ecosystem services (see Chapter I), suggest several specialist species are
more efficient at utilizing resources in an ecosystem than a single generalist species
(Hutchinson 1959). At Meadow Pond Marsh, Phragmites shoot growth, shoot density,
and the occurrence o f aphids were significantly reduced in plots planted with four native
species compared to in plots planted with one native species. Also, a general trend
pointed to a reduction in Phragmites biomass, quantum yield, and shoot survival with
greater native plant diversity.
Why did diversity have a significant effect on certain Phragmites success
indicators here (growth and density), and not in the results presented in Chapter II?
Species compositions in the PA + 1 sp. plots used in both experiments were different and
may have had dissimilar effects on Phragmites. The native plant species used in the PA
+ 1 sp. treatment level was dependent on sediment elevation: Spartina alterniflora was
planted in mid and low elevations, and Spartina patens was planted in the two high
elevations. In Chapter II, the effects o f community structure on Phragmites success and
health were examined using the low, mid and high marsh elevations, thus confounding
the effects of elevation and species composition. Here, vegetation plots were examined
only in the high marsh. Therefore, the native species planted in the PA + 1 sp. treatment
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level in Chapter II was S. alterniflora in 6 out o f the 9 plots and S. patens in the
remaining plots, whereas here S. patens was planted in all the PA + 1 sp. plots. Similar
to elevation, species composition had no significant effects on any Phragmites response
variable (Table 11). However, Phragmites shoots in the PA + 1 sp. plots planted with S.
patens (high elevation) were generally healthier than in PA + 1 sp. plots planted with S.
alterniflora (mid and low elevations). The increased success o f Phragmites in S. patens
plots may have led a significant diversity effect by creating a larger difference between
the PA + 1 sp. and PA + 4 spp. treatment levels.
Spartina patens may be a less effective competitor against Phragmites than
Spartina alterniflora at Meadow Pond. Earlier evidence suggested S. patens is a better
competitor than other native perennials when nutrients are limiting (Konisky and Burdick
2004), but this species appears to lose its competitive advantage with excessive nutrient
loading (Levine et al. 1998; Emery et al. 2001). Meadow Pond soils were likely elevated
in nutrients from anthropogenic disturbances, perhaps shifting belowground plant
competition for nitrogen to aboveground competition for light (Emery et al. 2001). If
light was the limiting resource at the site (see Chapter II’s discussion), S. alterniflora may
have been more effective at inhibiting Phragmites growth than S. patens because S.
alterniflora has a taller average canopy height than S. patens.
In summary, fertilization did not have a significant effect on the growth and
survival o f individually planted Phragmites culms, perhaps due to excessive nutrient
enrichment at the site. Therefore, the examination o f the interactive effects o f nutrient
additions and community structure on Phragmites was not made possible and as a result
was inconclusive. In contrast, greater complexities in community structure significantly
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Table 11 - Phragmites response variables across PA + 1 sp. plots planted with Spartina
alterniflora and PA + 1 sp. plots planted with Spartina patens. PA + 1 sp. plots planted with
Spartina alterniflora were found in the mid and low elevations. PA + 1 sp. plots planted with
Spartina patens were found in the high elevation, ns = non significant. N = 6.

Phragmites Shoots
A boveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (? F/Fm’)
Occurrence o f Aphids (%)

Spartina
patens

Spartina
alterniflora

2.30 ±0.58
60.1 ±9.0
2.8 ± 0.3
69.1 ±9.9
496 ±31

0.88 ± 0.54
36.9 ± 9.7
2.2 ± 0.3
61.2 ±9.1
463 ± 29

ns
ns
ns
ns
ns

41.7 ± 12.0

14.3 ± 11.1

ns

Ill

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

inhibited the establishment and expansion o f individually planted Phragmites culms.
More specifically, interspecific competition significantly reduced Phragmites
performance (e.g., aboveground biomass, shoot growth, shoot density, and occurrence
aphids). Native plant diversity also significantly reduced a subset o f Phragmites
characteristics including shoot growth, shoot density and the occurrence o f aphids.
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CONCLUSION

Re-colonization by Eurasian Phragmites and native saltmarsh plants was
investigated at Meadow Pond Marsh after a pilot management treatment included
vegetation and sediment removal o f an area once inhabited by Phragmites monocultures.
Phragmites transplanted alone and with native halophytes indicated interspecific
competition and diversity both play important roles in resisting Phragmites establishment
and expansion. Remarkably, native plant competition consistently reduced the success o f
Phragmites (biomass, shoot growth, shoot density, and survival), despite the lack o f
strong abiotic stresses associated with tidal flooding and elevated nutrient pools, both o f
which reduce competition for belowground resources. Wang et al. (2006a) found similar
results when investigating Phragmites re-colonization in an herbicide-treated Phragmites
marsh. They found that plantings o f native species reduced the shoot density of
Phragmites recruits from surviving rhizomes and seeds. Unlike my experiment, they did
not control the amount or distribution o f Phragmites propagules, and native species
diversity.
The role o f native plant diversity on the success o f Phragmites at Meadow Pond
was less clear, but still evident. In Chapter III, experimental results showed Phragmites
shoot growth and density were significantly reduced in high diversity plots compared
with low diversity plots. Although not significant, results from the field experiment
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described in Chapter II show a similar reduction in indicators o f Phragmites success in
high diversity plots. These are the first field experiments that indicate greater native
plant diversity has larger negative impacts on Phragmites re-colonizing a salt marsh.
Earlier experimental studies in non-tidal grasslands support these findings; suggesting
greater diversity leads to more efficient resource use (Hutchinson 1959; Tilman et al.
1997), and a lower invasion rate due to a greater competitive environment (Elton 1958;
Tilman 1982; Naeem et al. 2000; Kennedy et al. 2002). Therefore, competition from
native plants as well as diversity, two processes often overlooked in salt marshes, should
be more carefully considered when managing invasive species.
The interactive relationships o f community structure and elevation, and
community structure and nutrient additions were not apparent in the field and had no
significant effect on Phragmites success. Similarities in Phragmites success across
elevation appear to be due to similarities in pore water salinity, sulfides, and redox
potential across elevation caused by irregular tidal flooding. There was also the potential
o f confounding effects due to species composition in the single competitor plots (PA + 1
sp. contained Spartina alterniflora in the two lower elevations and Spartina patens in the
upper elevation). Lack o f significant differences in Phragmites growth across nutrient
addition gradients may be attributed to direct and indirect sources o f nutrients associated
with anthropogenic eutrophication and plant removal. As a result o f human impacts at
Meadow Pond, Phragmites shoots were likely exposed to a single stress manipulation o f
interspecific plant competition across two diversity levels (PA + 1 sp, PA + 4 spp.) in
each experiment.
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Environmental conditions resulting from human disturbance in tidal marshes,
similar to that o f Meadow Pond (e.g., tidal flooding restrictions and nutrient loading),
may have an important effect on the competitive interactions in a plant community.
While these human disturbances directly benefit both halophytic and brackish species, the
benefit of human alterations may be proportionally larger for brackish species such as
Phragmites. Brackish species, particularly Phragmites, are typically less tolerant to tidal
flooding and potentially less competitive under low levels of nutrients (greater nitrogen
demand; Windham and Meyerson 2003) than halophytic species (Wang et al. 2006b). In
contrast, greater abiotic stresses associated with tidal flooding and limited nutrient
availability may negatively affect halophytic species proportionally less than brackish
species. Therefore, anthropogenic disturbances to salt marshes have the potential to
create physical conditions that tip the competitive balance in favor o f brackish invaders.

Management Considerations

I encourage management o f nuisance Phragmites populations to focus on
approaches that minimize or eliminate anthropogenic disturbances in invaded marshes,
and develop programs to prevent similar disturbances from occurring in un-invaded
marshes. Invasive species expansion has previously been correlated with human-altered
wetlands and salt marshes (McNabb and Batterson 1991; Galatowitsch et al. 1999; Rice
et al. 2000; Bertness et al. 2002). Disturbances to a salt marsh can increase seed or
propagule dispersal (e.g., ditching, diking and filling), or alter environmental conditions
in favor o f brackish invaders (e.g., tidal restrictions, eutrophication and climate change).
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Indeed, managers now have a tool to evaluate whether specific human activities will
favor Phragmites expansion in salt marshes (Bart et al. 2006).
Until recently, management practices designed to control Phragmites populations
have largely overlooked restoring environmental conditions and processes altered by
anthropogenic disturbances. Instead, previous practices used species-specific approaches
such as burning, mowing and spraying herbicides, which have not consistently produced
long-term and self-sustaining results (Marks et al. 1994; Tiner 1997; Warren et al. 2001).
Physical damage to Phragmites stands may only provide a temporary solution because
environmental conditions and processes (e.g., abiotic stress, resource levels and dispersal)
that facilitated Phragmites establishment and expansion remain. In addition, stand
damage often has little to no effect on shoot productivity soon after treatment (Warren et
al. 2001). Damaged Phragmites shoots are constantly regenerated from belowground
reserves (Haslam 1972). Gusewell (2003) found that mowing Phragmites shoots twice a
year only had a significant negative effect on shoot biomass after three consecutive years
o f mowing. Their results indicate mowing may be successful at decreasing Phragmites
expansion when applied over many consecutive years, but once mowing has ceased,
Phragmites monocultures are likely to reform and resume expansion.
More recent approaches to Phragmites management, such as alleviating tidal
restrictions and sediment excavation, have begun to address human disturbances in salt
marshes (Rozsa 1995; Burdick et al. 1999). Removing human disturbances can restore
environmental conditions and processes unique to a marsh habitat. Once restored,
environmental conditions have the potential to be more effective at reducing Phragmites
populations than species-specific approaches. For instance, Phragmites growth and
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survival were significantly reduced by abiotic stresses associated with tidal flooding
(Chambers et al. 2003; Konisky and Burdick 2004), low nutrient levels (Rickey and
Anderson 2004; Saltonstall and Stevenson 2007), and interspecific competition
(Amsberry et al. 2000; Minchinton 2002a; Minchinton and Bertness 2003; W ang et al.
2006a; this study) when applied separately. If such stresses are applied together, they
have the potential to interact and create an additive or synergistic negative effect on
Phragmites populations. In more severe cases o f Phragmites invasion, removing or
limiting human disturbances may also be coupled with species-specific practices to
further enhance interspecific competition. Weisner and Graneli (1989) determined that
combining soil flooding with mowing significantly reduced Phragmites shoot growth
more than flooding or mowing did separately. Moreover, Asaeda et al. (2003) found
similar results when they exposed Phragmites shoots to mowing and increases in pore
water salinity to 30 ppt.
In the case o f Meadow Pond Marsh, future restoration o f Phragmites populations
should focus on removing or reducing human disturbances. The northern section o f the
marsh remains partially tidally restricted and potentially nutrient enriched, which may
have contributed to the historical and current dominance o f Phragmites. Practices that
address these disturbances include increasing tidal flooding by widening the culvert inlet
and reducing nutrient loads through reestablishing natural buffers surrounding the marsh
and limiting upland nutrient sources from contaminating surface and groundwater runoff.
In combination with restoring environmental conditions and processes at Meadow Pond,
species-specific practices such as mowing, excavation, burning or herbicides may also be
needed.
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Restoration practices targeting stands of Phragmites, however, often disturb the
native plant community and leave temporary un-vegetated areas, which are less effective
at inhibiting the reestablishment o f Phragmites (Wang et al. 2006a). Phragmites has
demonstrated on repeated occasions its ability to germinate and establish or expand into
disturbed areas with low biotic stress (Minchinton 2002a; Minchinton and Bertness
2003). Unlike the native haplotype and other native marsh species, invasive Phragmites
demonstrates a remarkable vigor and morphological plasticity (e.g., increased shoot
density, stand expansion, and inflorescences) allowing it to establish or expand
throughout the growing season (Saltonstall 2003a; Minchinton and Bertness 2003;
Saltonstall and Stevenson 2007). Additionally, Phragmites is likely to re-invade
disturbed areas, especially areas it once dominated (Warrem et al. 2001; Wang et al.
2006a) because re-colonization by native plants is by and large left to natural processes
using seed banks, rhizome fragments, and vegetative spread from neighboring plant
communities. In my experiment, actively planting native species into a disturbed area
significantly reduced the reestablishment o f Phragmites by competing for resources.
Therefore, management practices to remove Phragmites that involve disturbances to
plant communities should consider establishing diverse native perennial populations
through plantings immediately following restoration activities.
Besides removing Phragmites from previously invaded marshes to regain
ecological functions, resource managers should also consider adopting approaches that
prevents the establishment and expansion o f this invasive grass. Phragmites, once
established, becomes more resilient to mortality than colonizing seeds, rhizome
fragments or young stands (Haslam 1971; Rice et al. 2000; Bart and Hartman 2002).
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Restoration o f tidal marshes invaded by Phragmites is costly, time consuming, and
success is often unpredictable (Marks et al. 1994; Tiner 1997; Warren et al. 2001).
Preventing initial establishment o f Phragmites may be a more efficient management
approach to protecting tidal marshes and their associated functions. For many tidal
marshes, limiting human disturbances and enhancing self-sustaining ecological processes
that serve as barriers to invasion can avoid costly restoration o f invasive species in the
future.
Results from Meadow Pond Marsh indicate resource competition from native
marsh plants coupled with a greater diversity o f competitors may be the most important
ecological barrier to invasion or re-invasion. Competition can be diminished by three
major alterations: (1) plant die-off (e.g., anthropogenic disturbance or natural wrack
cycles), (2) restrictions of the tidal regime, and (3) eutrophication. These three alterations
can therefore be viewed as precursors to Phragmites invasion, and should be prevented or
if present, natural conditions should be restored as quickly as possible to inhibit
establishment.
In conclusion, plant competition significantly reduced the ability o f newly planted
Phragmites culms to survive and grow in an impacted tidal marsh where anthropogenic
disturbances (tidal restriction and nutrient loading) may have reduced competition for
belowground resources. Competition has been demonstrated to exhibit the largest
negative effect on Phragmites growth in field experiments where plants were exposed to
multiple stresses (Amsberry et al. 2000; Minchinton and Bertness 2003; Wang et al.
2006a). My research found that native plant diversity can increase competition stress.
Competition may also be enhanced through increasing abiotic stresses, limiting resource
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levels, increasing resource efficiency, or physically damaging the invading species.
Management practices may benefit from combining natural physical processes in marshes
that stress Phragmites with resource competition enhanced by planting several native
species. These practices include the alleviation o f tidal restrictions, reductions in nutrient
loading, and sustaining biodiversity. The incorporation o f multiple stresses on
Phragmites by resource managers has seldom been applied, and may be more efficient at
reducing invasion and expansion than previous management practices.
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